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ABSTRACT The POU-IV or “Brn-3” class of POU-
domain transcription factors is represented in Drosophila by
I-POU and twin-of-I-POU, alternative splice products of the
I-POU gene. I-POU has been previously reported to inhibit
DNA binding by the POU-III class factor drifter/Cfla via the
formation of heterodimeric complexes. Here we report that
expression of the I-POU/tI-POU message is maximal late in
the embryonic phase of Drosophila development, and I-POU is
the preferred splice variant. Although I-POU lacks two basic
amino acid residues in the POU-homeodomain found in
tI-POU and Brn-3.0, these three POU-IV class proteins ex-
hibit very similar DNA-binding specificity. In contrast to
previously published reports, the results presented here show
no effect of I-POU on DNA binding by drifter, and no evidence
for I-POU/drifter dimerization. These results suggest that the
I-POU/tI-POU gene products function by transcriptional
mechanisms similar to those of the homologous POU-IV class
factors expressed in other species, not by a unique inhibitory
mechanism.

The POU-domain proteins are a large family of transcriptional
regulators, many of which exhibit specific expression in dif-
ferentiating tissues. Based on the degree of sequence similar-
ity, six subclasses of POU factors have been identified. In
mammals, the POU-IIT and POU-1V subclasses appear to have
special significance for development of the nervous system.
The POU-III class includes the mammalian genes Brn-1, Brn-2,
SCIP/Tst-1/0Oct-6, and Brn-4. Brn-2 is required for normal
development of the hypothalamus in mice (1, 2) and mutations
at the Brn-4 locus in humans (3) have been linked to congenital
deafness. The mammalian POU-IV class genes include Brn-
3.0, Brn-3.1, and Brn-3.2 (also designated Brn-3a, Brn-3c, and
Brn-3b, respectively), and expression of these factors is almost
entirely restricted to terminally differentiating neurons of
several types (4-7). Recent targeted mutations in mice have
shown that Brn-3.1 is necessary for correct development of the
auditory system (8), and that Brn-3.2 is required for differen-
tiation of retinal ganglion cells (8, 9).

Consistent with the duplication and divergence of structures
noted for many gene families, the POU-III and POU-1V
classes are each represented by a single known Drosophila gene
(10-12). The Drosophila POU-III gene, originally designated
c¢fla, and more recently as drifter (dfr) and ventral veinless, was
originally identified by interaction with regulatory elements in
the Drosophila dopamine decarboxylase gene. dfr/Cfla has
been shown to play a role in differentiation of the trachea,
midline glia, and wing veins in Drosophila development (13-
15).

The Drosophila representative of the POU-IV class was
originally identified based on its homology to Brn-3.0 (12). The
product of this gene, known as “I-POU” for inhibitory POU,
was initially reported to differ from Brn-3.0 by the lack of two
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usually conserved basic amino acids located at the amino
terminus of the POU-homeodomain. I-POU was reported to
have no intrinsic DNA binding capacity, but instead to form a
high-affinity one-to-one complex with dfr in the absence of
DNA, which completely inhibited the DNA binding and
transactivation ability of dfr. In a subsequent report (16), the
I-POU genomic locus was shown to contain a possible alternate
splice acceptor that could restore the “missing” amino acids,
producing “twin of I-POU” (tI-POU). The addition of the
basic amino acids eliminated binding to dfr, but restored the
DNA binding and transactivation properties of I-POU (17).

Advances in understanding the conformation of the POU-
domain on DNA (18-22), and ongoing work in our laboratory
on the DNA binding specificity of the POU domain proteins,
have led us to reconsider the properties of the I-POU/tI-POU
proteins. Specifically, we have reexamined the developmental
expression of the I-POU/tI-POU mRNA, the DNA-binding
properties of the two proteins, and the ability of I-POU to
dimerize with and inhibit DNA binding by dfr. Here we show
that I-POU and tI-POU are alternate splice variants of the
Drosophila POU-IV class gene, both of which bind DNA with
high affinity and with site specificity similar to their mamma-
lian counterpart Brn-3.0. In contrast to the previously reported
results, in these experiments I-POU did not inhibit DNA
binding by dfr, and no interaction between [-POU and dfr
could be detected by any of several methods, including those
used in the original studies.

MATERIALS AND METHODS

RNase protections were performed as described in ref. 6, with
hybridizations carried out at 45°C. Electrophoretic mobility-
shift assays (EMSAs) were carried out in 6% polyacrylamide
gels as described previously (6), in a 20 ul assay mixture
containing 20 mM Tris (pH 8.0), 100 mM KCI, 5 mM MgCl,,
2 mM EDTA, 100 pg/ml poly(dI-dC), 100 ug/ml BSA, 10%
glycerol, 1 mM DTT, and the amount of POU protein,
32P-radiolabeled oligonucleotide, and competitor oligonucle-
otide stated in the figures. For random oligonucleotide EM-
SAs, the random template oligonucleotide CCAGGCTCGA-
GGTCTCGN;;GCACGCTCGAGGAGTCC was annealed to
the primer GGACTCCTCGAGCGTGC and filled by Klenow
fragment DNA polymerase, with 32P added to the primer by
polynucleotide kinase prior to annealing. Specific oligonucle-
otides used in EMSAs included the octamer/heptamer (o/h)
and octamer/mutant heptamer (oct) sites from the IgG pro-
moter (23), and a series of specific POU-IV class binding sites
that included an optimal Brn-3.0 site (Site 1), and several
variants of this sequence. The determination of Site 1 by

Abbreviations: I-POU, inhibitory POU; tI-POU, twin of I-POU;
EMSA, electrophoretic mobility-shift assay; GST, glutathione S-
transferase; BMH, bis-maleimidohexane.
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random oligonucleotide selection will be described elsewhere.
Site 1 strongly resembles a regulatory element from the rat
CRH gene promoter region previously shown to bind to
Brn-3.0 and I-POU. The sequence of the site 1 oligonucleotide
was GATCTCTCCTGCATAATTAATTACGCCCGGATC,
and in each of the variant oligonucleotides derived from this
site, the underscored sequence was replaced by the sequences
shown in Fig. 2B.

For immunoprecipitation, 1-3 ul of each translation product
or 4 ul of cotranslation product was incubated 30 min at room
temperature in an incubation mix containing 250 mM NacCl, 5
mM EDTA, 10 mM Tris (pH 7.5), 0.25% Nonidet P-40, and
0.01% SDS, as described by Treacy et al. (12, 17). Following the
initial incubation, 0.2 ug mouse monoclonal anti-Flag antibody
was added and incubated 30 min at 4°C, followed by 5 ul sheep
anti-mouse paramagnetic bead suspension (Dynal, Great
Neck, NY). After a 30-min incubation at 4°C with mixing, the
beads were separated magnetically and washed twice in the
binding buffer, and the bound proteins were eluted at 90°C in
SDS/PAGE sample buffer.

Crosslinking reactions were performed in 20 mM Hepes (pH
7.8)/20% glycerol as described previously (12, 17). In vitro-
translated proteins (1-4 ul) were incubated together for 30
min in a 30 ul reaction volume, followed by a 20-min incuba-
tion in the presence of the stated concentration of bis-
maleimidohexane (BMH), and subsequent quenching with 560
mM 2-mercaptoethanol. Immunoprecipitation or crosslinking
products were electrophoresed in SDS/12% PAGE gels, and
fluorographed 24-48 hr with Entensify (NEN).

RESULTS

The previously reported sequence of the Drosophila genomic
region that includes the amino terminal region of the I-POU
homeodomain (17) indicates the presence of potential alter-
nate splice acceptors (Fig. 14), which could produce mRNA
encoding I-POU and tI-POU proteins that differ by two amino
acids. However, data on the relative usage of these splice
acceptors with probes for each of the two forms have not been
reported. To assay the expression of the possible alternatively
spliced I-POU/tI-POU mRNA species by RNase protection,
three antisense riboprobes were designed (Fig. 1B). One
probe, complementary to the POU-specific domain, hybridizes
with both splice forms. In addition, I-POU- and tI-POU-
specific homeodomain probes were designed to span the
alternate splice acceptor, and thus give full-length protection
with only one splice variant.

In developing Drosophila, overall expression of I-POU +
tI-POU transcripts is minimal in the early embryo, but in-
creases strongly at mid-embryogenesis, peaking in late embry-
onic development (Fig. 1C). I-POU + tI-POU expression
declines with respect to the total RNA pool in later develop-
mental stages, but this may in part represent growth and
development of non-expressing tissues. These results are in
general agreement with the expression pattern previously
reported (17). Protection assays with probes specific for the
alternative splice forms (Fig. 1D) demonstrated that I-POU is
the preferred splice variant in the embryo, but that tI-POU
expression is also detected.

DNA binding of I-POU and tI-POU proteins were initially
assessed in EMSAS using an oligonucleotide probe containing
an internal 16 base pair random sequence (Fig. 24). I-POU,
tI-POU and the murine POU-IV class protein Brn-3.0 showed
similar binding to the random oligonucleotide, in contrast to
the previously published reports that I-POU did not bind a
random oligonucleotide in random oligonucleotide blots (12)
or random oligonucleotide EMSAs (12, 17).

Competition EMSAs with a variety of oligonucleotides (Fig.
2B) were then used to compare the specific DNA binding
properties of the I-POU and tI-POU POU-domains in detail,
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Fic. 1. Developmental expression of I-POU/tI-POU. (4) Dia-
gram of the intron-exon boundaries at the amino terminus of the
I-POU homeodomain. Alternative splicing includes (tI-POU) or ex-
cludes (I-POU) a six-base sequence encoding Arg-Lys. (B) RNase
protection assay probes used for I-POU/tI-POU detection. The
POU-specific domain probe includes sequences common to both splice
forms, whereas the POU-homeodomain probes yield full-length pro-
tected fragments only with I-POU or tI-POU. (C) Expression of
I-POU/tI-POU in Drosophila development assayed with the POU-
specific probe. Embryonic ages (E) are stated in hours. The appear-
ance of a closely spaced doublet varied according to the conditions of
RNase digestion and does not appear to represent alternate forms of
the message. (D) Relative expression of tI-POU and I-POU, using
splice form-specific POU-homeodomain probes. In the 8-12 h and the
16-22 h embryos, both forms could be detected, but -POU mRNA
was the predominant species, as demonstrated by the more abundant
full-length I-POU protection product (prot) and the more abundant
tI-POU cross-protection product (x-prot).

and examine the evolutionary conservation of DNA recogni-
tion in this gene family by comparison to the murine Brn-3.0
POU-domain. In each competition assay, an optimal Brn-3.0
recognition site (site 1, Fig. 2B) was radiolabeled, and inhibi-
tion of binding by a 40-fold molar excess of the competitor
oligonucleotide was assayed. Overall, the DNA recognition
profiles of I-POU, tI-POU, and Brn-3.0 were extremely similar,
with only minor relative differences in affinity for some
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Fic. 2. Interaction of POU-IV class proteins with DNA. (A4)
Binding of I-POU, tI-POU, and Brn-3.0 POU-domain GST-fusion
proteins to an oligonucleotide containing an internal 16 base pair
random sequence. Each EMSA shown used a similar amount of active
POU-protein, as determined by binding to a specific oligonucleotide
(Site 1, below). (B) Specific sites tested for binding to POU-IV class
proteins. Site 1 is an optimal Brn-3.0 recognition element determined
by random oligonucleotide selection, and Sites 2-12 are systematic
mutations of this sequence. Octamer (oct) and octamer/heptamer
(o/h) elements are derived from Oct-2 recognition sequences in the
IgG heavy chain promoter (23). (C) Competition EMSAs of I-POU,
tI-POU, and Brn-3.0 binding to specific recognition sites. Each assay
contains 1.25 nM of 32P-labeled Site 1, 50 nM of the stated cold
competitor oligo, and an equal amounts of the appropriate bacterially
expressed POU-protein. Loss of signal indicates effective competition
and thus high affinity binding by the competitor. For example, Site 1
competitor abolishes binding to the radiolabeled Site 1, but the oct site
does not compete effectively. An artifact appears below the EMSA
band in I-POU, lane 4.

competitors. However, these results with a limited number of
sites do not exclude small differences in DNA-binding speci-
ficity or overall affinity between these proteins, and do not
address possible differences in other functional properties.
I-POU has been previously reported to form a 1:1 complex
with dfr, which completely inhibits dfr binding to DNA, and
this inhibitory activity was deletion mapped to the I-POU
homeodomain (17). Because this inhibitory complex was re-
ported to form in the absence of DNA, inhibition of dfr DNA
binding by I-POU should be independent of the dfr recogni-
tion site used. We examined the effect of the I-POU and
tI-POU domains on DNA binding by dfr in EMSAs. The IgG
oct/hep recognition element (23) was used as a model for dfr
DNA binding in these assays because this site is somewhat
selective for dfr in the presence of I-POU/tI-POU, thus
allowing the dfr band to be visualized in the presence of excess
I-POU/tI-POU protein. To create a difference in the electro-
phoretic mobility between the POU proteins used, bacterially
expressed I-POU and tI-POU were removed from the gluta-
thione S-transferase (GST) moiety by thrombin proteolysis,
and the GST-dfr fusion protein was used uncleaved. As shown
in Fig. 3, I-POU present in up to 40-fold molar excess over dfr
had no effect whatsoever on dfr binding to its recognition site,
and tI-POU gave similar results in this binding inhibition assay.
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FiG. 3. I-POU and tI-POU do not inhibit DNA binding by dfr.
Bacterially expressed dfr and I-POU/tI-POU proteins of distinct
electrophoretic mobilities were generated by thrombin proteolysis of
I-POU/tI-POU GST fusion proteins at the site shown. In each
experiment, increasing stoichiometric equivalents of I-POU (Upper) or
tI-POU (Lower) were tested for the ability to block dfr binding to an
octamer/heptamer site (lanes 4-6). The dfr complex was unaffected,
even at a 40-fold molar excess of I-POU. Controls: lanes 1 and 2 show
I-POU/tI-POU high affinity binding to an optimal POU-IV class
recognition element (Site 1, Fig. 2B) and moderate affinity binding to
the oct/hep site. Lane 3: dfr binding to the oct/hep site in the absence
of I-POU/tI-POU. The dfr (0.4 ng) and I-POU/tI-POU (0.8-16 ng)
proteins were preincubated together 1 h before the addition of
oligonucleotide to allow interaction of dfr and I-POU/tI-POU in the
absence of DNA. Two molecules of I-POU/tI-POU were observed to
bind to the oct/hep site at very high protein concentrations (lanes 5
and 6). This dimerization was not cooperative, and results from the
presence of a second weak (heptamer) binding element in the oct/hep
oligonucleotide.

Immunoprecipitation of in vitro-translated proteins was then
used to further assess potential interaction between I-POU and
dfr. A “Flag” sequence was included in the I-POU in vitro
transcription/translation construct to allow immunoprecipita-
tion by anti-Flag antisera. The inclusion of the Flag sequence
and a longer carboxyl-terminal domain in the I-POU expres-
sion construct were sufficient to allow the I-POU and dfr
translation products to be distinguished by apparent molecular
weight on denaturing polyacrylamide gels. When in vitro-
translated I-POU-Flag and dfr were incubated together and
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immunoprecipitated under the conditions used in the prior
studies (12, 17), quantitative immunoprecipitation of I-POU-
Flag was observed, without any detectable coprecipitation of
dfr (Fig. 4B). Because heterodimerization of some transcrip-
tion factors of the helix-loop—helix family is enhanced by
cotranslation of the interacting proteins, immunoprecipitation
of I-POU-flag was also performed in the presence of cotrans-
lated dfr, again without detectable precipitation of the latter
protein. As a positive control for the Flag immunoprecipita-
tion method, the basic helix-loop-helix/zip protein Mad,
which has been shown to form heterodimers in the absence of
DNA with the related protein Max (24), was effectively
coprecipitated with Max-flag protein (Fig. 4C).

The principal method previously used to demonstrate
I-POU/dfr dimerization was chemical crosslinking of in vitro-
translated proteins in reticulocyte lysate by the chemical
crosslinker BMH, which is reactive with free sulthydryl groups.
However, when we attempted to crosslink [-POU and dfr with
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F1G. 4. Immunoprecipitation and crosslinking of I-POU and dfr.
(4) I-POU/tI-POU and dfr proteins were expressed by in vitro
translation in the presence of [3>S]methionine in a reticulocyte lysate
translation system acceding to manufacturer’s instructions (Promega).
An amino-terminal Kozak consensus sequence containing an initial
methionine residue was added to facilitate translation. The I-POU/
tI-POU expression construct included a “Flag” peptide sequence
(DYKDDDDK) to allow immunoprecipitation by an epitope-specific
monoclonal antibody (IBI/Kodak). (B) Immunoprecipitation of I-
POU-flag in the presence of dfr. In the first set, separate translation
reactions were mixed and incubated 1 h before precipitation. In the
second set, I-POU-Flag and dfr were cotranslated. Proteins were then
immunoprecipitated using Flag-specific antibodies, and separated in
denaturing polyacrylamide gels (Methods). MW, molecular weight
standard (29 and 19 kDa shown); C, control; pel, immunoprecipitate;
SN, supernatant. (C) Immunoprecipitation of Max-Flag in the pres-
ence of Mad (positive control). Max-Flag and Mad expression con-
structs were generated as shown for I-POU-Flag and dfr, and were in
vitro transcribed and cotranslated [parent Mad and Max plasmids were
a gift of R. Eisenman (24)]. In vitro translation of Mad consistently
produced several truncated translation products which did not copre-
cipitate with Max. (D) Chemical crosslinking of I-POU/tI-POU and
dfr with BMH. In vitro translation products for I-POU +dfr (set 1), dfr
alone (set 2), and tI-POU+dfr (set 3) were exposed to the stated
concentrations of BMH as described, and the products were separated
by SDS/PAGE. No specific heterodimeric complexes were observed
under any of the conditions tested.
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1 mM BMH under the exact conditions described previously,
extensive nonspecific crosslinking resulted, presumably to var-
ious reticulocyte lysate proteins, and the expected dimeric
complex was not observed. Careful titration of the amount of
BMH in the reaction did not reveal any concentration that
resulted in specific crosslinking (Fig. 4D). Lysates containing
I-POU plus dfr, dfr alone, and tI-POU plus dfr gave identical
results in the crosslinking assay. BMH crosslinking of lysates
containing Mad + Max proteins also gave only nonspecific
crosslinking to lysate proteins, and we conclude that BMH may
not be a specific enough reagent to give specific crosslinking
products in crude reticulocyte lysates.

Further crosslinking experiments were performed under a
variety of different reaction conditions (not shown), such as
with the low concentration of glutaraldehyde previously shown
to specifically crosslink protein dimers of the basic helix-loop—
helix family (25). No conditions were found that yielded
specific I-POU/dfr heterodimers. Taken together with the
immunoprecipitation data, these results indicate that it is
highly unlikely that I-POU and dfr form stable dimers in
solution.

DISCUSSION

The present study examines in detail the DNA and protein
binding properties of I-POU and tI-POU, which represent the
POU-IV class of transcription factors in Drosophila. Although
mutations in Drosophila have led directly or indirectly to the
identification of most mammalian transcription factors, I-POU
is unusual in that it was identified based on structural homol-
ogy to previously discovered genes in mammals and Caeno-
rhabditis elegans, and [-POU mutations have not yet been
identified. However, based on the function of the POU-I1V
class factors in nematodes and vertebrates and on the expres-
sion of I-POU in specific developing neurons (12), it appears
likely that I-POU will play a role in neural development.

Initial data suggested that I-POU functioned by the forma-
tion of an inhibitory complex with another POU factor,
dfr/Cfla, but this is not supported by the present results.
Instead, consistent with the extremely similar primary struc-
tures of the POU-IV factors, I-POU exhibits DNA-binding
properties that resemble closely tI-POU and Brn-3.0.

Recent advances in understanding the structure of the
homeodomain are helpful in understanding the very similar
DNA-binding properties of the I-POU, tI-POU and Brn-3.0
POU domains observed in this study. Fig. 5 summarizes
protein-DNA contacts for the antennapedia (26), engrailed
(18), and Oct-1 (20) homeodomains. The principal contacts
are highly conserved in the POU-IV class proteins, and suggest
that the interaction of the POU-IV homeodomain with DNA
will be very similar to that of the previously solved structures.
The deletion of the Arg-Lys (RK) residues at homeodomain
positions 3 and 4 in I-POU relative to tI-POU results in the
occurrence of Gly-Glu residues in positions 1 and 2, and
substitution of Lys for Arg in position 3. The amino acid
residues at homeodomain positions 1 and 2 do not contact
DNA in the known homeodomain structures and vary widely
in the known sequences (22). Thus, it is not surprising that a
substitution at this position does not eliminate DNA binding.
The substitution of Lys for Arg at position 3 in I-POU would
also not be expected to alter DNA binding, as either residue
may occur at this position in the various POU proteins.

Because critical DNA contacts do not differ between I-POU
and tI-POU, the principal effect of the Arg-Lys deletion in
I-POU may be effectively to shorten the variable “linker”
region that connects the amino terminus of the POU-
homeodomain to the POU-specific domain (27). Use of the 3’
splice acceptor in I-POU effectively shortens the linker from
20 to 18 amino acids. However, the Brn-3.0 linker consists of
only 17 amino acids, suggesting that the loss of two residues
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Conserved elements of homeodomain structure. Alignment of known homeodomain structures illustrate the homeodomain protein-

DNA contacts, and suggest that conserved residues will mediate DNA binding by the POU-IV class proteins. Boxed residues indicate protein-DNA
contacts, including those with the major and minor grooves and phosphate backbone. The likely conserved DNA contacts for the POU-IV class
proteins are indicated by arrows. Boldface type indicates basic amino acids among residues 1-5 of the homeodomain, and the Arg-Lys residues

altered by alternative splicing of I-POU/tI-POU are underscored.

from this region does not impose a critical constraint on DNA
binding. In summary, the Arg-Lys residues “missing” from
I-POU relative to tI-POU are not in a position highly con-
served among homeodomain proteins, are not a part of a
crucial helical structure, are not necessary for a conserved
DNA contact, and would not be expected to constrain the
spacing between the POU-specific and POU-homeodomains
by critically shortening the linker region. Thus, the similar
DNA-binding characteristics of the POU-IV class proteins are
consistent with the current understanding of POU-domain
structure-function relationships.

The POU-IV class proteins are of intrinsic interest because
they exhibit remarkable conservation of structure across di-
verse phyla including nematodes, insects, and vertebrates. In C.
elegans and mice, the critical role of these genes in develop-
ment of specific sets of neurons has been established (8, 9, 28,
29). It is likely that I-POU/tI-POU will also play a role in
neurodevelopment, but in the context of the present results,
the hypothesis that I-POU functions by the unusual mechanism
of a specific inhibitory interaction with dfr/Cfla should be
discarded. Instead, it appears likely that I-POU will regulate
gene expression by mechanisms similar to those used by its
homologues in other species.
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