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A POU Homeo Domain Protein Related to dPOU-19/pdm-1 Binds to
the Regulatory DNA Necessary for Vital Expression of the
Drosophila Choline Acetyltransferase Gene

Toshihiro Kitamoto and Paul M. Salvaterra

Division of Neurosciences, Beckman Research Institute of the City of Hope, Duarte, California 91010

Expression of the choline acetyltransferase (ChAT) gene in
Drosophila melanogaster is responsible for production of
the neurotransmitter acetylcholine and is necessary for vi-
ability. In previous studies, we have shown that the regu-
latory region for normal ChAT expression is large and com-
posed of multiple regulatory elements (Kitamoto et al,,
1992; Kitamoto and Salvaterra, 1993). In this study, using
various lengths of 5’ flanking DNA fused to wild type ChAT
cDNA, we have defined a 0.3 kilobase (kb) region of the
cis-regulatory DNA, which is essential for restoring viabil-
ity of Cha lethal mutants. DNase | footprinting analysis of
this 0.3 kb DNA revealed a protected 22 bp sequence that
contains an octamer-like motif (ATTCAAAT) with one base
difference from the consensus octamer motif (ATGCAAAT).
Electrophoretic mobility shift assays and Southwestern
blot analysis confirmed the presence of specific binding
factor(s) for the 22 bp sequence in embryo nuclear ex-
tracts, and competition studies established the importance
of the octamer-like motif for high-affinity binding. Using the
22-mer as a probe, we have isolated a cDNA clone encod-
ing the Drosophila POU homeo domain protein, dPOU-
19/pdm-1, whose target genes and specific binding se-
quences have not been identified. We propose that vital
expression of the Drosophila ChAT gene is regulated by a
member of the dPOU-19/pdm-1 putative transcription factor
family.

[Key words: choline acetyltransferase, neurotransmitter,
Drosophila melanogaster, transgenic animal, transcription-
al regulation, POU homeo domain gene]

The nervous system is an organized collection of neurons ex-
hibiting cell-specific neurotransmitter phenotypes. Specification
and maintenance of these neuronal properties requires restricted
expression of a particular set of genes in distinct spatial and
temporal patterns. Genetic analysis in Drosophila melanogaster
has led to the identification of a large number of genes involved
in nervous system development. These include the early acting
genes involved in the formation of neuronal progenitor cells and
the later acting genes controlling identities of neuronal progen-
itor cells and their progeny (Campos-Ortega and Jan, 1991;

Received July 28, 1994; revised Oct. 12, 1994; accepted Nov. 17, 1994,
We thank Dr. S. Germaraad and Dr. R. Whitson for critically reading the
manuscript. This work was supported by a grant from NIH-NINDS.
Correspondence should be addressed to Paul M. Salvaterra, Division of Neu-
roscience, Beckman Research, Institute of the City of Hope, 1450 East Duarte
Road, Duarte, CA 91010.

Copyright © 1995 Society for Neuroscience 0270-6474/95/153509-10305.00/0

Goodman and Doe, 1993; Jan and Jan, 1993). Much less is
known about the regulation of genes that specify the terminal
stages of nervous system development, when cells actually ac-
quire particular neuronal properties, such as neurotransmitter
phenotypes.

The choline acetyltransferase (ChAT; acetylCoA:choline-O-
acetyltransferase, EC 2.3.1.6) gene encodes the biosynthetic en-
zyme responsible for production of the neurotransmitter acetyl-
choline. Expression of ChAT specifies which neurons will have
a cholinergic neurotransmitter phenotype. A number of condi-
tional and nonconditional mutations of the Drosophila ChAT
gene (Cha) have been generated, and the essential nature of
cholinergic transmission for the animal’s viability is indicated
by the lethality of presumptive null alleles (Greenspan, 1980;
Lindsley and Zimm, 1992). Two different temperature-sensitive
alleles also result in adult paralysis as well as adult and embry-
onic lethality when animals are challenged at a restrictive tem-
perature (Greenspan, 1980; Gorczyca and Hall, 1984).

Our previous studies have established that the 5’ flanking
DNA of the Drosophila ChAT gene contains multiple regulatory
elements that are responsible for ChAT expression in different
subsets of cholinergic neurons (Kitamoto et al., 1992; Kitamoto
and Salvaterra, 1993). This type of regulation by the combined
action of separable elements is also observed for other neuron-
subset specific genes in Drosophila, such as the Dopa decar-
boxylase (Johnson et al., 1989), sevenless (Botwell et al., 1991),
and the FMRF amide genes (Schneider et al., 1993). We have
also shown that transgenic ChAT expression directed by the
proximal 1.2 kb of 5’ flanking DNA results in rescue of lethality
for the Cha mutants, indicating that the more distal regulatory
elements are not essential for survival (Kitamoto and Salvaterra,
1993).

In the present study, we have more precisely defined the cis-
regulatory DNA in the 5’ flanking region of the ChAT gene that
can effect rescue of the lethal Cha mutant phenotype. We found
that the proximal 0.8 kb DNA fragment, when fused to wild-
type ChAT cDNA, is sufficient to rescue Cha mutant phenotypes
while a 0.5 kb fragment is not. The distal 0.3 kb of the 0.8 kb
fragment should thus contain critical regulatory sequence(s) al-
lowing ChAT expression in cholinergic neuronal populations
necessary for survival. We have identified a 22 bp putative tran-
scription factor binding site within the critical 0.3 kb, which
contains an octamer-like motif and specifically interacts with a
Drosophila POU domain protein encoded by the previously de-
scribed dPOU-19/pdm-1 gene (Billin et al., 1991; Dick et al,,
1991; Lloyd and Sakonju, 1991). We propose that dPOU-
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19/pdm-1 may thus be an important regulatory factor responsible
for vital expression of the Drosophila ChAT gene.

Materials and Methods

Drosophila stocks and transformants

Flies were reared under standard conditions on a diet of cornmeal.
Stocks containing the conditional (Cha*') and nonconditional (Cha’ and
Cha*) mutant alleles of the ChAT gene were obtained from Dr. Jeff
Hall (Brandeis University, Waltham, MA). Cha*' was isolated and de-
scribed by Greenspan (1980). Cha'' and Cha''* were isolated by Hall et
al. (1979) and by L. Myers and W. Gelbart (unpublished), respectively.
Both are described in Lindsley and Zimm (1992). Most of transformed
lines were generated in Kitamoto et al. (1992) using P-element trans-
formation as outlined in Rubin and Spradling (1982). The 0.8 kb- and
0.5 kb-ChAT transformants were generated in this study. The 0.8 kb
fragment was obtained by deleting the 5’ portion of the 1.2 kb fragment
using Bluescript Exolll/Mung DNA sequencing system (Stratagene, La
Jolla, CA), and the 0.5 kb fragment was first subcloned into pBluescribe
(Stratagene) as a Sacl/BamHI fragment. Each insert was excised as an
EcoRI/BamHI fragment and inserted into the polylinker site of pCaSper-
AUG-B-gal (Thummel et al., 1988). The lacZ portion of these constructs
was replaced by the 2.4 kb Drosophila ChAT cDNA (Itoh et al., 1986).
The appropriately marked and balanced stocks used to test the ability
of wild type ChAT cDNA transgenes to rescue lethality were obtained
from Rodney Williamson (Beckman Research Institute of the City of
Hope, Duarte, CA).

Rescue of Cha mutant phenotypes

Adult paralysis and embryonic lethality of Cha*': for rescue of adult
paralysis, 20 flies homozygous for Cha*' and carrying one copy of a
transgene were raised at a restrictive temperature of 30°C. The number
of standing flies was counted after 4 d. Under this condition all Cha"’
flies are paralyzed and lying on their backs or sides, while the wild-
type flies are still fully active. For rescue of Cha'' embryonic lethality,
male ChAT c¢DNA transformants carrying one copy of a transgene were
crossed with w,Cha' females. They were kept at a permissive temper-
ature (22°C) for 2 d, then transferred to new vials and allowed to lay
eggs at a restrictive temperature (30°C). After 2 d, FO flies were re-
moved and all newly eclosed flies developing under the restrictive tem-
perature were scored.

Lethality of nonconditional Cha mutants. The ability of the ChAT
cDNA construct to rescue the late embryonic lethality of nonconditional
Cha mutants was examined by scoring eclosed adults in the progeny of
the following crosses: P[ChAT]/y; Cha"'/MKRS X Cha"*/MKRS (for
the X chromosome integration) or P[ChAT}/P[ChAT];Cha''/TM6 X
Cha'*/MKRS (for the second chromosome integration). P[ChAT] indi-
cates either the X chromosome or the second chromosome carrying a
transgenic wild-type ChAT cDNA construct. These crosses yield ani-
mals carrying one copy of a transgene and are heterozygous for two
noncomplementing Cha mutations (Cha"' and Cha™?). For the 0.8 kb-
ChAT construct, the following cross was carried out to yield animals
carrying two copies of a transgene: P[ChAT]/P[ChAT];Cha' /TM6 X
P[ChATV/P[ChAT];Cha'*/TM6.

Measurement of ChAT activity

ChAT activity was assayed as described previously (Kitamoto et al,,
1992). Before measuring the ChAT activity, homogenates were incu-
bated at 37°C for 30 min to inactivate the endogenous temperature-
sensitive enzyme (Greenspan, 1980; Salvaterra and McCaman, 1985).

DNase I footprint analysis

DNase I footprinting analysis was performed according to the method
described by Heberlein (1990, in ““‘Rubin’s lab methods book,” pp 104-
105). The 316 bp fragment extending from —414 bp to —99 bp, relative
to the transcription start site, was labeled with 2P at position —99 bp
and mixed with nuclear extracts that were prepared from 10-22 hr em-
bryos and fractionated on heparin-agarose (Heberlein and Tjian, 1988).

Electrophoretic mobility shift assay

The double-stranded 22-mer (AGATTCTTATTCAAATGTGCTC) cor-
responding to the DNase I-protected sequence was end labeled with P,
and the electrophoretic mobility shift assay was carried out with em-

bryonic nuclear extracts derived from 10-22 hr embryos. Binding re-
actions (10 pl) were done by incubating the radiolabeled 22-mer with
nuclear extract in binding buffer (50 mm NaCl, 10 mm Tris-HCl, pH
7.5, 1 mm DTT, 1 mm EDTA, 5% glycerol) in the presence of 10 mm
MgCl, and 0.2 pg/pl poly(dI-dC). After incubation in the presence or
absence of competitor oligonucleotides for 30 min at room temperature,
sample were electrophoresed at 4°C on a 5% polyacrylamide gel with
the Tris-glycine high-ionic-strength system (Choosh, 1988), followed by
autoradiography. Sequences of oligonucleotides used as a competitor
are shown in Figure 5A. The control oligonucleotide is a double-strand-
ed BamHI/EcoR! adapter purchased from Boehringer—Mannheim (In-
dianapolis, IN).

Southwestern blot analysis

Protein samples were separated on a SDS-polyacrylamide gel and trans-
ferred to a nitrocellulose membrane. The membrane was treated with 6
M and then decreasing concentrations of guanidine HCI at 4°C to allow
the proteins to refold into a conformationally active form (Sambrook et
al., 1989). The double-stranded 22-mer was concatenated, *?P labeled
with nick translation, and used to detect specific binding protein on the
membrane according to the method described by Sambrook et al.
(1989).

Construction and screening of an embryonic cDNA expression
library

Total cellular RNA was prepared from 10-22 hr embryos by the
CsCl/guanadinium isothiocyanate method (Chirgwin et al., 1979). The
mRNA was isolated with oligotex-dT suspension (Qiagen, Chatworth,
CA) according to the company’s protocol. The cDNA expression library
was constructed using the ZAP-cDNA synthesis kit (Stratagene) ac-
cording to the company’s protocol. Screening of sequence specific bind-
ing factors was performed with the radiolabeled concatenated 22-mer,
as described in Sambrook et al. (1989). DNA sequencing was carried
out by the dideoxy chain-termination method (Sanger et al., 1977).

Results

Deletion analysis defines a 0.3 kb regulatory region necessary
to rescue Cha mutants from paralysis and lethality

One aim of the present study was to identify the minimum
amount of regulatory DNA that is necessary to direct enough
wild-type ChAT expression in appropriate neurons to effect res-
cue of phenotypes in animals with a Cha mutant genetic back-
ground. Figure 1 shows a schematic drawing of the fusion
constructs examined for their ability to rescue conditional and
nonconditional Cha mutants from paralysis and lethality. They
are composed of different amounts of 5’ flanking DNA fused to
wild-type ChAT cDNA (Itoh et al., 1986). All constructs except
one (0 kb ChAT) also contain the transcription start site and 391
bp of 5' untranslated region from the first exon of the ChAT
gene (hatched box in Fig. 1). They are introduced into mutant
animals by P-element transformation and standard genetic cross-
es.

Adult Cha*' flies are paralyzed and subsequently die at a re-
strictive temperature because of the inability of the thermolabile
Cha' enzyme to synthesize sufficient ACh at a high temperature
(Greenspan, 1980). Twenty female transformants, homozygous
for Cha*' and carrying one copy of a particular transgene, were
placed in a vial and challenged at a restrictive temperature of
30°C.

After 4 d of incubation, standing flies were observed for all
of the independéntly transformed lines carrying the 0.8 kb con-
struct or for constructs with more distal 5’ flanking DNA (Fig.
2A). All Cha*' flies lacking a transgene were paralyzed and lying
on their backs or sides under the same conditions (data not
shown). Likewise, all animals transformed without regulatory
DNA and 14 of 16 lines transformed with the 0.5 kb construct
were paralyzed. These resuits indicate that the 0.8 kb DNA frag-
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ment is sufficient to direct enough ChAT activity in appropriate
neurons to rescue temperature-induced paralysis in adult flies
with a Cha”' mutant background, while the 0.5 kb fragment is
not (in most cases). Thus, the deletion of 0.3 kb of DNA from
the distal end of the 0.8 kb fragment dramatically affected the
ability of adult flies to be rescued from temperature-induced pa-
ralysis.

Animals carrying the Cha*' allele also exhibit temperature-
dependent late embryonic lethality when challenged at 30°C
from the beginning of development (Greenspan, 1980). As
shown in Figure 2B, 32 out of 33 independently transformed
lines carrying 0.8 kb or more of flanking sequence yielded adult
progeny. For the lines made with the 0.5 kb fragment, 14 out of
16 failed to yield any eclosed flies, suggesting that the 0.5 kb
DNA fragment is lacking important regulatory elements neces-
sary for ChAT gene expression. These results indicate that the
distal 0.3 kb of the 0.8 kb DNA contains regulatory sequences
necessary to direct sufficient ChAT expression to rescue Cha*'
embryos from lethality and yield adult flies.

Although most of the 0.5 kb lines did not show rescue of the
adult paralytic or embryonic lethal phenotypes, the same two
lines were rescued in both tests. One explanation for this could
be the possibility that the 0.5 kb fragment contains the necessary
regulatory elements to direct ChAT expression in appropriate
neurons, but lacks sufficient enhancer activity to allow an ade-
quate amount of enzyme to effect rescue. If this were the case,
then the two rescued 0.5 kb lines should exhibit higher trans-
genic ChAT activity than the other lines which were not rescued.
Figure 3 shows the transgenic ChAT activity for each of the
transformed lines. Prior to ChAT activity measurement, homog-
enates were preincubated at a temperature that will inactivate
the temperature-sensitive ChAT activity contributed by the en-
dogenous Cha*' allele (Greenspan, 1980; Salvaterra and Mc-
Caman, 1985). Most of the 0.5 kb lines show ChAT activity
comparable to that seen in the two rescued 0.5 kb lines (arrows
in Fig. 3). In fact, many of the unrescued 0.5 kb lines showed
ChAT activity that was comparable to that seen in the rescued
0.8 kb lines. These results indicate that the 0.5 kb fragment,
while conserving the ability to direct a small amount of ChAT
expression, does not contain enough regulatory information to
direct expression in a biologically useful manner. The 0.5 kb
fragment may, thus, contain sequences necessary for binding of
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Figure 1. Schematic diagram of
ChAT cDNA constructs. At the top is
the organization of the Drosophila
ChAT gene (Sugihara et al., 1991). The
gene consists of eight exons indicated
by solid boxes. The bottom of the fig-
ure shows the constructs tested in this
study. They are composed of different

7.4 kb-ChAT amounts of 5’ flanking sequences (solid
10 box), 5’ untranslated region (hatched

box) and wild-type ChAT cDNA (open

3.3kb-ChAT (4) box). These constructs were introduced
into the fly genome by P-element me-

1.2kb-ChAT (5) diated transformation. The number of
independent lines for each construct is

0.8 kb-ChAT (14) indicated in parentheses. The transcrip-
tion and translation start sites are lo-

0.5 kb-ChAT (16) cated 391 bp upstream and 19 bp
downstream of the 5' end of the cDNA

0kb-ChAT (5) clone, respectively.

the basic transcriptional machinery such as a TFIID/RNA poly-
merase complex, but lack sufficient regulatory information for
directing ChAT expression in particular neurons necessary for
phenotypic rescue. In the two 0.5 kb lines that were phenotyp-
ically rescued, the fusion construct may have “trapped” an en-
hancer that fortuitously directs transgenic ChAT expression in
proper neurons.

We have also examined the ability of the 0.8 kb construct to
rescue lethality of nonconditional Cha mutants by scoring the
adult progeny of the genetic crosses described in Materials and
Methods. The crosses produced animals that had one or two
copies of a transgene and were heterozygous for two noncom-
plementing, nonconditional Cha lethal mutations, Cha" and
Cha"? (Lindsley and Zimm, 1992). These mutations are both
presumptive null alleles, and all embryos carrying a Cha''/Cha'*?
genotype die before hatching. If the transgene can completely
effect rescue of the Cha mutations from lethality, the percentage
of flies with a Cha''/Cha"? genotype is expected to be 20%, 25%,
or 33% for the transformants linked with the X, II (one copy),
and II (two copies) chromosomes, respectively. When one dose
of the 0.8 kb construct was introduced into animals with a
Cha"'/Cha"* background, eclosed adult flies were observed in
only one of the four 0.8 kb lines tested (0.8 kb ChAT line 6,
Table 1). The percentage of Cha''/Cha''? adults for that line was
only about 10%, less than the 25% expected. It should be men-
tioned, however, that many individuals of this cross developed
up to the pupal stage (in contrast to late embryonic lethality for
animals without a transgene) and died just before eclosion and
were, thus, not scored as rescued. One dose of the 0.8 kb trans-
gene, therefore, seems to be quantitatively insufficient to com-
pletely restore Cha''/Cha''? viability. When two copies of the 0.8
kb construct were introduced, however, Cha''/Cha"* adults were
observed in three of the four independently transformed lines.
Of these three lines, the percentage of Cha'/Cha"? adults in the
progeny of 0.8 kb-ChAT line 6 was comparable to that expected
for complete rescue. In addition, many individuals developed to
the pupal stage for the other two “partially” rescued lines (0.8
kb-ChAT line 7 and line 10). We, thus, conclude that the 0.8 kb
fragment has the ability to direct ChAT expression in appropriate
neurons to rescue the lethality of nonconditional, as well as con-
ditional Cha mutants. The more effective rescue rate in condi-
tional Cha*' mutants may be due to a small amount of residual
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Figure 2. Rescue of Cha*' phenotypes with ChAT cDNA constructs.

A, Adult paralysis: 20 flies, homozygous for Cha*' and carrying one
copy of a transgene, were raised at 30°C. After 4 d incubation, the
number of standing flies for each independent line was counted (indi-
cated by open circles). Each bar represents the averaged number for a
group of transformants carrying the same construct. Under this condi-
tion all Cha*' flies are paralyzed and lying on their backs or sides, while
the wild-type flies are still fully active. B, Lethality: ten male transfor-
mants (homozygous for Cha' and carrying one copy of a transgene)
were crossed with w; Cha™' females, They were kept at a permissive
temperature (22°C) for 2 d, then transferred to a restrictive temperature
(31-32°C) and allowed to lay eggs for 2 d. Progeny were kept at the
restrictive temperature and the number of eclosed adults was scored
(indicated by open circles). Each bar represents the averaged number
for a group of transformants carrying the same construct.

ChAT activity contributed by the mutant allele even at a restric-
tive temperature.

Factor binding sites within the regulatory DNA necessary for
vital ChAT expression

The phenotypic rescue studies described above have identified
the distal 0.3 kb of DNA in the 0.8 kb fragment as an important
regulatory region for ChAT gene expression in mediating motor
function(s) and viability. We have investigated the ability of this
0.3 kb of DNA to bind proteins that are presumed to be tran-
scription factors for ChAT gene expression. The complete DNA
sequence of the 0.8 kb fragment was determined and is shown
in Figure 4A. There is no obvious TATA-box upstream of the
transcriptional start site, and the upstream region is not partic-
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Figure 3. Transgenic ChAT activity. Females of each independent
transformant line (homozygous for Cha*' and carrying one copy of a
transgene) were homogenized and examined for ChAT activity (open
circles). Before measuring the activity, the homogenates were incubated
at 37°C for 30 min to inactivate the endogenous temperature-sensitive
Cha*' enzyme activity (Greenspan, 1980; Salvaterra and McCaman,
1985). Arrows indicate ChAT activities of the two 0.5 kb-ChAT lines
that yielded progeny at the restrictive temperature (see Fig. 2). Each bar
represents the average ChAT activity for a group of transformants car-
rying the same construct.

ularly CG rich. Absence of both TATA-box and CG-rich se-
quences is common to the promoters of several developmentally
regulated Drosophila genes, such as engrailed (Soeller et al.,
1988), Ultrabithorax (Biggin and Tijan, 1988), ecdysone-induc-
ible gene: E74 (Thummel, 1989) and elav (Yao and White,
1994).

DNase I footprint analysis was done using the 316 bp of DNA
(—414 bp to —99 bp, relative to the transcription start site) in

Table 1. Rescue of Cha lethal mutations

%
Line Linkage % Cha''/Cha'"? Expected
Single copy of transgene
7.4 kb-ChAT-6 X 26.7 (27/101)* 20
1.2 kb-ChAT-1 X 11.8 (8/68) 20
7.4 kb-ChAT-4 11 26.8 (33/123) 25
1.2 kg-ChAT-2 II 23.3 (31/133) 25
1.2 kb-ChAT-6 I 24.0 (24/100) 25
0.8 kb-ChAT-6 II 9.4 (5/53) 25
0.8 kb-ChAT-7 1I 0 (0/42) 25
0.8 kb-ChAT-9 1I 0 (0/59) 25
0.8 kb-ChAT-10 I 0(0/38) 25
Two copies of transgene
0.8 kb-ChAT-6 | 34.9 (59/169) 33
0.8 kb-ChAT-7 11 2.1(2/92) 33
0.8 kb-ChAT-9 I 0 (0/111) 33
0.8 kb-ChAT-10 II 6.6 (5/76) 33

The ability of various ChAT cDNA constructs to rescue the lethality of non-
conditional Cha mutations was assayed by scoring the adult progeny of the
crosses described in Materials and Methods.

* Number of flies with a Cha'//Cha'"? background/number of eclosed flies.
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Figure 4. DNase 1 footprinting analysis of the proximal regulatory region of the ChAT gene. A, The sequence of the proximal regulatory region
of the ChAT gene. The 5' ends of the 0.8 kb and 0.5 kb fragments shown in Figure 1 correspond to positions —419 bp and —78 bp, relative to
the transcription start site. The junction between the upstream DNA and cDNA in Figure 1 corresponds to the BamHI site in the bottom line of
this figure (underlined). The transcription and translation start sites are indicated as “mRNA" and “Protein,” respectively. The DNase I-protected
22 bases are double underlined, and the octamer-like sequence is shown in bold letters (see text). B, The 316 bp fragment extending from —414
bp to —99 bp, relative to the transcription start site, was **P-labeled at the position of —99 bp and digested with DNase I in the presence of nuclear
extracts derived from 10-22 hr embryos. The amount of extract is indicated at the top of each lane. The lane indicated by G/A contains Maxam-
Gilbert purine cleavage fragments. The protection was most prominent at the sequence from —227 bp to —248 bp, and a relatively weak protection

was observed at the sequence from — 189 bp to —203 bp.

the presence of a nuclear extract derived from 10-22 hr embry-
os. The most prominently protected site was observed for the
sequence from —227 bp to —248 bp, relative to the transcription
start site (Fig. 4B). This site was also clearly protected when the
other strand was labeled and tested (data not shown), The DNA
sequence of this region is double underlined in Figure 4A. In
the center of this protected 22 bp sequence we observed a se-
quence (ATTCAAAT) that differs by only a single base from
the consensus octamer motif (ATGCAAAT), a transcriptional
regulatory element found in the promoter and enhancer sequenc-
es of many genes (Falkner and Zachau, 1984; Bergman et al.,
1984; Parslow et al., 1984; Ares et al., 1985; Mason et al., 1985;
Mattaj et al., 1985; Carbon et al., 1987; LaBella et al., 1988).
In addition to this 22 bp sequence, a weak protection was ob-
served at the sequence from —189 bp to —203 bp (Fig. 48),

although this sequence was not evidently protected when the
other strand was tested (data not shown).

Detection and characterization of binding factor(s) present in
the embryonic nuclear extracts

In order to confirm the presence of binding factor(s) for the
protected 22 bp sequence, we carried out electrophoretic mobil-
ity shift assays using the double-stranded 22-mer oligonucleotide
as a radiolabeled probe (Fig. 5A, 22-mer). Nuclear extracts were
prepared from 10-22 hr embryos and used as a source of pu-
tative transcription factor(s). In the presence of an excess amount
(2 wg/10 pl reaction) of poly(dI-dC) and the absence of com-
petitor oligonucleotides, binding factor(s) was apparent as the
shift of one major band on the gel (Fig. 5B, lane 3; no compet-
itor). Binding appears to be sequence specific for the 22-mer
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22-mer AGATTCTTATTCAAATGTGCTC
§5’-mutant GTGCCATTATTCAAATGTGCTC
c-mutant AGATTCTTGCCAGGATGTGCTC
3’-mutant AGATTCTTATTCAAATTCTACA
octamer-like ATTCAAAT
octamer motif ATGCAAAT
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Figure 5. Detection and characterization of binding factors by elec-
trophoretic mobility shift assay. A. Oligonucleotides used in electropho-
retic mobility shift assay. The 22-mer corresponds to the DNase I-pro-
tected sequence (double-underlined in Fig. 4A). Sequences in 5'-mt,
c-mt, 3"-mt, octamer-like, and octamer motif are same as the original
22-mer except underlined bases. Control oligo is a control oligonucle-
otide with similar size (see Materials and Methods). B, The 22-mer was

since the shifted band showed a dose-dependent decrease when
increasing amounts ‘of unlabeled 22-mer were added to the bind-
ing reaction mixture (Fig. 5B, lanes 4-7).

We have further defined the specificity of factor binding to
the 22-mer by competition studies. The 22-mer contains the oc-
tamer-like sequence in the middle (see Fig. 44), but neither this
endogenous octamer-like motif (oct-like) nor the consensus oc-
tamer motif (oct) showed an affinity high enough to compete
for the binding of factor(s) with the 22-mer. A 100-fold molar
excess of oct-like or oct did not compete effectively with labeled
22-mer (Fig. 5B, lanes 8-12, 13-17), and even a 2000-fold mo-
lar excess of oct-like or oct showed no ability to affect the in-
teraction of putative transcription factor(s) and 22-mer (data not
shown). Although the 8 bp of the octamer-like motif do not show
a high affinity for the factors detected in Figure 5B when tested
alone, this sequence is important for the factors to form com-
plexes with the 22-mer. We examined three oligonucleotides car-
rying clustered mutations in the 22-mer sequence for their ability
to compete with the original 22-mer. The mutations are located
at the 5" end, the center position or the 3’ end of the 22 bp
sequence. These oligonucleotides are designated as 5'-mutant,
c-mutant and 3'-mutant, respectively (altered sequences are un-
derlined in Fig. 5A). The presence of a 12.5-fold excess of either
22-mer, 5'-mutant or 3’-mutant led to a decrease in the amount
of labeled complex, while the c-mutant, which has nucleotide
substitutions in six out of the eight positions in the octamer-like
motif, did not compete with labeled 22-mer as effectively as
other oligonucleotides (Fig. 5C, lanes 12-16). Base changes in
the octamer-motif, thus, result in a decreased affinity of the
c-mutant for factor(s) binding while base changes outside of the
octamer-like sequence have little or no effect. These results in-
dicate that the octamer-like sequence is essential for high affinity
binding.

The molecular weight of the binding factor(s) was tentatively
estimated by Southwestern blot analysis to be 130 kDa, as
shown in Figure 6. Embryonic nuclear extract derived from 10—
22 hr embryos was subjected to SDS-polyacrylamide gel elec-
trophoresis and the proteins were transferred to a nitrocellulose
membrane that was subsequently probed with 2P-labeled con-
catenated 22-mer. In agreement with the result of Southwestern
blot analysis, UV crosslinking experiments showed a specifically
labeled band corresponding to a high molecular weight (Mr >
100,000) on an SDS-polyacrylamide gel (data not shown).

Cloning of the putative ChAT gene transcription factor

In order to identify the factor(s) detected in the DNA footprint-
ing analysis, the electrophoretic mobility shift assay and the
Southwestern blot analysis, we constructed and screened an em-
bryonic cDNA expression library (derived from 10-22 hr em-
bryos) with a **P-labeled concatenated 22-mer probe. A positive
phage was isolated and found to carry a 2.2 kb cDNA insert.
The Bluescript phagemid containing the insert was excised from

—

end labeled, and electrophoretic mobility shift assay was carried out
using embryo nuclear extracts derived from 10-22 hr embryos. Lane
1, no extract, lane 2, no extract with BSA (10 pg); lanes 3—17, in the
presence of unlabeled 22-mer, octamer-like, or octamer motif as a com-
petitor at indicated molar excess of the labeled probe. C, The effect of
clustered point mutations in 22-mer on the binding ability to the factor.
Lane 1, no competitor; laes 2-16, in the presence of 22-mer, 5"-mutant
(5'-mt), c-mutant (c-mt), 3'-mutant (3"-mt), or control oligonucleotide
(control) as a competitor at indicated molar excess of labeled probe.
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Figure 6. Estimation of molecular weight of the binding factor by
Southwestern blot analysis. Embryo nuclear extract derived from 10—
22 hr embryos was subjected to SDS-PAGE, and protein bands were
transferred to a nitrocellulose membrane. The membrane was incubated
with *P-labeled concatenated 22-mer (Fig. 54), followed by autora-
diography. Lane 1, Coomasie brilliant blue staining; lane 2, South-
western blot. The positions of the molecular weight standards are
marked on the left. The sequence specific binding protein appeared as
a polypeptide of ~130 kDa.

the - ZAP vector and recircularized in vivo (designated as clone
9-A1). Sequence-specific DNA binding activity of the B-galac-
tosidase fusion protein expressed by 9-Al was confirmed by
examining E. coli extracts prepared from a 9-A1 culture. South-
western blot analysis showed that the extracts prepared from
IPTG-induced cultures contained a specific binding factor with
a molecular weight of ~50 kDa (Fig. 7A: 1-4 hr incubation in
the presence of IPTG), while no binding activity was detected
in the control extracts (no incubation in the presence of IPTG
or 4 hr incubation in the absence of IPTG). The binding speci-
ficity of the fusion protein expressed by 9-A1 was further ana-

A

+IPTG
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lyzed by electrophoretic mobility shift assay (Fig. 7B). The ex-
pressed protein showed the same characteristic pattern as was
seen for factor(s) present in the embryonic extract. The binding
of the expressed protein to radiolabeled 22-mer was competed
well by unlabeled 22-mer, 5'-mutant, and 3'-mutant, but not by
the octamer-like motif, the consensus octamer motif, and ¢c-mu-
tant that carries mutations in the octamer-like sequence.

The 9-Al clone was sequenced and was found to be a part
of dPOU-19/pdm-1 (Billin et al., 1991; Dick et al., 1991; Lloyd
and Sakonju, 1991), which is one of the Drosophila POU do-
main genes identified by sequence similarity to other POU do-
main genes. Our clone starts with the nucleotide position 627 of
the dPOU-19/pdm-1 clone isolated by Billin et al. (1991) and
shows an identical protein coding sequence with it. The 9-Al
product, thus, does not contain the N-terminal 138 amino acids
of dPOU-19/pdm-1 but does contain a POU-specific domain and
a POU-homeodomain. There are at least two base differences
between sequences in the 3’ untranslated region of the dPOU-
19/pdm-1 clone and the 9-A1 clone. Nucleotides 2269 and 2676
of the dPOU-19/pdm-1 clone (Billin et al., 1991) are C and G,
while corresponding nucleotides are both T in the 9-Al clone.

Discussion

In previous studies we have shown that Drosophila ChAT gene
expression is regulated by the combined action of multiple reg-
ulatory elements located within 7.4 kb of the 5" flanking region
(Kitamoto et al., 1992; Kitamoto and Salvaterra, 1993). Smaller
amounts of 5" flanking sequence result in a more restricted ex-
pression pattern of reporter gene expression in most cases. In
this study we have found that as little as 0.8 kb of DNA, in-
cluding 419 bp of 5" and 391 bp of first exon sequence, has the
ability to direct ChAT expression in an appropriate manner to
restore viability of lethal Cha mutants. Phenotypic rescue does
not depend solely on the amount of ChAT enzyme activity in
the transformants, as evidenced by the overlap of activity levels
in the rescued 0.8 kb lines and the unrescued 0.5 kb lines. The
0.8 kb of DNA, but not 0.5 kb, should, thus, regulate ChAT
expression in critical cholinergic neuronal population(s) that are
necessary for viability. The distal regulatory elements, located
upstream of 0.8 kb, can modify ChAT expression in both a qual-
itative and quantitative manner, but are not essential for restoring
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Figure 7. Detection and characteriza-
tion of the 9-Al product. A, South-
western blot analysis. Lysates of bac-
teria carrying the 9-Al clone were
prepared after incubation for indicated
time at 37°C in the presence or absence
of 1 mm IPTG. They were subjected to
Southwestern blot analysis using *P-
labeled concatenated 22-mer as a
probe. B, Electrophoretic mobility shift
assay. The 22-mer was end labeled, and
electrophoretic mobility shift assay was
carried out using crude extracts pre-
pared from 9-Al cultures. Indicated
oligonucleotides were added in reac-
tions at 12.5-fold (for 22-mer, 5'-mu-
tant, c-mutant, and 3’-mutant) or 33-
fold (for octamer-like, octamer, and
control oligonucleotide) molar excess
of the labeled 22-mer.
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motor control and/or survival to Cha mutant animals. Perhaps
the more distal regulatory elements are necessary to rescue other
cholinergic neurons that are essential for more subtle putative
cholinergic functions, such as courtship or visually mediated be-
haviors (Greenspan, 1980).

The Drosophila ChAT gene appears to use a strategy of pos-
itive regulation as the major mechanism to accomplish specific
expression in most cholinergic neurons since the 0.8 kb DNA,
when fused to the wild-type ChAT cDNA, has ability to rescue
Cha mutant phenotypes. In addition, immunocytochemical stud-
ies of 0.8 kb transformants with a nonconditional Cha lethal
background reveal that ChAT expression is confined to only re-
stricted regions of the nervous system (K. Yasuyama et al., in
preparation) when compared to the normal ChAT expression
pattern. Small promoter-containing fragments necessary and
possibly sufficient for neural-specific expression have also been
found in the rat synapsin I gene (Sauerwald et al., 1990), the rat
GAP-43 gene (Nedivi et al., 1992), and the Drosophila elav gene
(Yao and White, 1994). This type of regulation for neural-spe-
cific expression is in contrast to several mammalian neural-spe-
cific genes that use negative regulation as a major mechanism
(Mandel and McKinnon, 1993). For instance, removal of silenc-
er-like sequences derepresses promoter activity of the type-II
sodium channel gene and the SCG10 gene in cell lines and tis-
sues that do not ordinarily express the endogenous genes (Maue
et al., 1990; Mori et al., 1990; Wuenschell et al., 1990; Kraner
et al., 1992). Some evidence is also available for the importance
of negative regulation for human ChAT gene expression (Li et
al., 1993).

The distal 0.3 kb of the 0.8 kb DNA necessary for vital ex-
pression of ChAT contains a DNase-protected site that spans 22
bp of DNA. Although we don’t yet have direct evidence that
this 22 bp sequence is the relevant cis-acting “‘cholinergic” el-
ement, the sequence is likely to participate in the phenotypic
rescue of Cha mutants, since the sequence shows the most prom-
inent footprint in the 0.3 kb DNA and is the target of specific
binding factors present in nuclear extracts.

Furthermore, this 22 bp sequence is highly conserved in the
proximal regulatory region of the ChAT gene recently isolated
from the evolutionarily diverged species Drosophila virilis (S.
Liang and P. M. Salvaterra, unpublished data), reinforcing its
functional importance. It includes the octamer-like motif, which
is essential for high affinity binding of factor(s), and has only a
single base difference from the consensus octamer motif (Falk-
ner and Zachau, 1984; Parslow et al., 1984). The consensus
octamer motif is recognized by octamer binding proteins that
belong to a versatile family of transcription factors referred to
as POU domain proteins. The POU domain proteins include a
number of proteins that can regulate gene expression in both a
positive and negative manner and can be cell-type specific or
more general (for review, see Wegner et al., 1993). Recent stud-
ies have defined six classes of POU domain proteins (He et al.,
1989) and have even identified members that can recognize a
surprising number of degenerate sequences (Baumruker et al.,
1988).

In Drosophila, four genes (Cfl-a, dPOU-19/pdm-1, dPOU-
28/pdm-2 and I-POU) encoding POU domain proteins have been
identified (Johnson and Hirsh, 1990; Billin et al., 1991; Dick et
al., 1991; Lloyd and Sakonju, 1991; Treacy et al., 1991). Among
these, the Cf7-a gene product binds to a distal enhancer element
of the Dopa decarboxylase gene (Ddc) and has been proposed
to positively regulate neural-specific Ddc expression (Johnson

and Hirsh, 1990). Neuronal Ddc expression is a key event in the
specification of dopaminergic and serotonergic neurotransmitter
phenotypes. The Cfl-a binding site contains the sequence (AAT-
CAAAT) that has only a single base difference from the ChAT
octamer-like sequence and differs in two positions from the con-
sensus octamer motif (Johnson et al., 1989). In vertebrate pitu-
itary gland, the specification of three specific types of secretory
cells also depends critically on a mechanism involving POU
transcription factors, Pit-1 (Li et al., 1990; Simmons et al.,
1990). It is possible that other genes encoding neurotransmitter
synthesizing enzymes, or neuropeptides, may also utilize the
POU family of transcription factors to result in cell-type-specific
expression patterns.

Using the 22-mer sequence (containing the octamer-like mo-
tif) as a probe, we have isolated a clone corresponding to a part
of dPOU-19/pdm-1. The dPOU-19/pdm-1 and dPOU-28/pdm-2
genes were isolated solely by their sequence similarity to other
POU domain genes (Billin et al., 1991; Dick et al., 1991; Lloyd
and Sakonju, 1991). Although several observations implicate the
involvement of dPOU-19/pdm-1 and dPOU-28/pdm-2 in speci-
fication of specific neuronal cell fates (Billin et al., 1991; Dick
et al., 1991; Lloyd and Sakonju, 1991; Yang et al., 1993), the
identity of their specific binding sites and target genes remains
unknown. Our results have shown that a dPOU-19/pdm-1 gene
product binds to the 22-mer sequence in vitro, suggesting its
participation in regulating ChAT expression. None of the char-
acterized forms of dPOU-19/pdm-1 are likely to be the factor(s)
that binds to the 22 bp sequence in vivo, since the ChAT gene
transcription factor has a larger molecular size. The largest open
reading frame described so far for cloned dPOU-I19/pdm-1
cDNA contains only 1806 bp and could encode only a 65 kDa
protein (Billin et al., 1991; Dick et al., 1991; Lloyd and Sakonju,
1991). The molecular weight we observe for the 22-mer binding
factor in embryonic extracts appears to be 130 kDa in South-
western analysis. In spite of this discrepancy in molecular size,
we believe that the binding factor(s) we detected in embryonic
extracts is related to dPOU-19/pdm-1 for several reasons. They
both exhibit a high affinity for the DNase-protected 22-mer. The
embryo extract factor and our 9-Al, a partial dPOU-19/pdm-1
clone, show an identical specificity of competition for the mu-
tated 22-mer. It is possible that the difference in apparent mo-
lecular size can be attributed to posttranslational modification(s)
of dPOU-19/pdm-1, or, alternatively, that the larger factor we
detect corresponds to another form of dPOU-19/pdm-1. The
dPOU-19/pdm-1 ¢cDNA clones isolated to date are about 2.8 kb
or shorter, while Northern blot analysis reveals the presence of
larger transcripts ranging in size up to ~4.9 kb (Billin et al.,
1991; Lloyd and Sakonju, 1991). The dPOU-19/pdm-1 cDNA
clones isolated so far, including our 9-Al clone, may, thus, cor-
respond to only the shorter transcripts.

dPOU-19/pdm-1 is expressed as two stripes in the presump-
tive abdominal region during the blastoderm stage, followed by
13 stripes in the germ band extended stage. In later stage em-
bryos, dPOU-19/pdm-1 is expressed in selected neuroblasts and
neurons in the central and peripheral nervous systems (Dick et
al., 1991; Lloyd and Sakonju, 1991). The temporal and spatial
patterns of ChAT gene expression overlapped but do not com-
pletely coincide with those of dPOU-19/pdm-1 (Carbini et al.,
1990; Kitamoto and Salvaterra, 1993). For instance, ChAT
mRNA can first be detected at stage 10 or 11 (Carbini et al.,
1990) while dPOU-19/pdm-1 transcripts are observed at stage
5. There may be an as yet unknown mechanism regulating the



activity of dPOU-19/pdm-1 so that ChAT transcription is turned
on at the right time and the right place. A member of Drosophila
POU-domain protein family, I-POU, which lacks the ability to
bind DNA, can dimerize with Cfl-a and inhibit its binding to
the Ddc distal enhancer in vitro has been described (Treacy et
al.,, 1991). A comparable mechanism may also operate at the
early stages of ChAT expression.

Our results indicate the biological importance of a 0.3 kb
sequence of 5’ flanking DNA for regulation of ChAT gene ex-
pression in essential cholinergic neurons. We propose that the
22 bp sequence containing an octamer-like motif is an essential
part of the regulatory expression of the ChAT gene. We are now
constructing transgenic animals with specific point mutations to
test this hypothesis in vivo. It should also be possible to obtain
support for this proposal by measuring ChAT expression in
dPOU-19/pdm-1 mutants. Unfortunately, none have yet been re-
ported.
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