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DNA sequence recognition by Pax
proteins: bipartite structure
of the paired domain and its binding site

Thomas Czerny, Gotthold Schaffner, and Meinrad Busslinger!

Research Institute of Molecular Pathology, Dr. Bohr-Gasse 7, A-1030 Vienna, Austria

Previous DNA-binding studies indicated that an intact paired domain is required for interaction of the
transcription factor BSAP (Pax-5) with DNA. We have now identified a subset of BSAP recognition sequences
that also bind to a truncated BSAP peptide lacking 36 carboxy-terminal amino acids of the paired domain.
Sequence comparison of this class of BSAP-binding sites made it possible to unequivocally align all known
BSAP-binding sites and to deduce a consensus sequence consisting of two distinct half sites. We propose here
a model for the paired domain—-DNA interaction in which the paired domain is composed of two subdomains
that bind to the two half-sites in adjacent major grooves on the same side of the DNA helix. The existence of
these half sites and of the two paired domain subregions was directly demonstrated by methylation
interference analysis and by in vitro mutagenesis of both the paired domain and its recognition sequence. Both
half-sites contribute to the overall affinity of a given BSAP-binding site according to their match with the
consensus sequence. However, none of the naturally occutring BSAP-binding sites completely conform to the
consensus sequence. Instead, they contain compensatory base changes in their half-sites that explain the
versatile and seemingly degenerate DNA sequence recognition of Pax proteins. Domain swap experiments
between BSAP and Pax-1 demonstrated that the sequence specificity of the BSAP paired domain is determined
by both its amino- and carboxy-terminal subdomains. Moreover, mutations affecting only one of the two
subdomains restricted the sequence specificity of the paired domain. Such mutations have been shown
previously to be the cause of mouse developmental mutants (undulated, Splotch, and Small eye) and human
syndromes (Waardenburg’s syndrome and aniridia) and may thus differentially affect the regulation of target

genes by the mutated Pax protein.
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Transcription factors play a central role in regulating
gene expression by binding to specific control elements
in enhancers and promoters. Their ability to recognize
specific DNA sequences is specified by a variety of struc-
turally distinct DNA-binding domains, each of which
defines a separate transcription factor family (for review,
see Harrison 1991; Pabo and Sauer 1992). One of these
DNA-binding motifs is the conserved paired domain,
which is characteristic of a small class of developmental
control genes found in Drosophila and vertebrates (for
review, see Gruss and Walther 1992; Noll 1993). Nine
paired box-containing {Pax) genes have been identified so
far in the mammalian genome (Walther et al. 1991; Sta-
pleton et al. 1993). Three of them, Pax-1, Pax-3, and Pax-
6, have been associated with the mouse developmental
mutants undulated (un) (Balling et al. 1988), Splotch (Ep-
stein et al. 1991), and Small eye (Hill et al. 1991),
whereas mutations in the human PAX-3 and PAX-6
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genes cause Waardenburg’s syndrome (WS} (Baldwin et
al. 1992; Morell et al. 1992; Tassabehji et al. 1992) and
aniridia (Glaser et al. 1992; Ton et al. 1991}, respectively.
This evidence, together with the fact that transcriptional
activity has been directly demonstrated for some Pax
gene products {Chalepakis et al. 1991; Adams et al. 1992,
Zannini et al. 1992), implies that Pax proteins are im-
portant regulators of early development.

The paired domain consists of a stretch of 128 amino
acids that has been well conserved in evolution (Bopp et
al. 1989). Pax proteins can be grouped into six different
subfamilies according to their sequence similarity in this
region (Walther et al. 1991). The paired domain shows no
obvious resemblance to other known DNA-binding mo-
tifs, and its structure has not yet been resolved. More-
over, the DNA sequence recognition by the paired do-
main has been poorly characterized so far. A DNA se-
quence found in the Drosophila even-skipped promoter
(referred to as the e5 site) has been used for studying the
DNA-binding activity of the Paired, Pax-1, and Pax-3
proteins (Chalepakis et al. 1991; Goulding et al. 1991;
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Treisman et al. 1991). Gel shift assays using mutant oli-
gonucleotides derived from this e5 site led to the iden-
tification of the pentanucleotide GTTCC as the DNA-
binding core motif recognized by the paired domain
(Chalepakis et al. 1991). However, it is important to note
that there is no genetic evidence for any interaction of a
Drosophila paired domain-containing protein with the
e5 site (Noll 1993).

Functional target sequences have been identified to
date only for the subfamily comprising Pax-2, Pax-5
(BSAP), and Pax-8. While studying the developmental
regulation of two pairs of nonallelic histone H2A-2 and
H2B-2 genes in the sea urchin, we identified a transcrip-
tion factor, TSAP, that binds to and regulates each of
these four promoters (Barberis et al. 1989). Subsequently,
we identified the B-cell-specific transcription factor
BSAP as a mammalian homolog of this sea urchin pro-
tein (Barberis et al. 1990). Furthermore, we found that
the CD19 gene, which codes for a B-cell-specific surface
protein, is a BSAP target gene (Kozmik et al. 1992). Bio-
chemical purification and ¢cDNA cloning revealed that
BSAP is encoded by the Pax-5 gene (Adams et al. 1992).
Moreover, the recent cloning of TSAP ¢cDNA confirmed
that the paired domain of this sea urchin protein is
highly related to that of BSAP {Pax-5) (T. Czerny, un-
publ.). Both TSAP and BSAP generate a relatively large,
25-bp-long DNase I footprint on the five natural target
sequences mentioned above (Barberis et al. 1989;
Kozmik et al. 1992). However, only a degenerate consen-
sus sequence could be deduced from these sequences,
which furthermore lack the GTTCC motif (Barberis et
al. 1989; Kozmik et al. 1992). Neither the identification
of additional BSAP target sequences in the vicinity of
immunoglobulin heavy-chain gene switch regions {Roth-
man et al. 1991; Waters et al. 1989; Williams and Mai-
zels 1991; Liao et al. 1992) nor the demonstration that
Pax-8, a close relative of BSAP (Pax-5}, binds to and reg-
ulates the thyroglobulin (7g) and thyroperoxidase (TPO)
genes (Zannini et al. 1992) seemed to faciliate the defi-
nition of a better consensus sequence. Hence, degenerate
DNA sequence recognition appears to be a characteristic
feature of Pax proteins.

In this paper we have studied in detail how the paired
domain of BSAP interacts with DNA. The starting point
for this analysis was the observation that a truncated
BSAP protein lacking 36 amino acids at the carboxyl ter-
minus of its paired domain binds only to a subset of
BSAP recognition sequences. This allowed us to un-
equivocally align all BSAP-binding sites and to define an
improved consensus sequence that consists of two dis-
tinct half-sites. We then used in vitro mutagenesis to
directly demonstrate that the BSAP paired domain and
its recognition sequence exhibit a bipartite structure.
Each half site is a major groove contact for one of the two
subdomains of the paired domain. The overall affinity of
a given BSAP-binding site is shown to depend on the
strength of both interactions and to correlate with its
match to the consensus sequence. As a consequence, de-
viation of one half site from its consensus sequence can
be compensated for by a perfect match of the second half
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site with its consensus motif. Compensatory base
changes in the two half sites thus appear to be responsi-
ble for the versatile and seemingly degenerate DNA se-
quence recognition of Pax proteins.

Results
A functional BSAP-binding site is 18 bp long

Previous protein—-DNA binding studies indicated that
the BSAP recognition sequence is unusually large. BSAP
protected 25-27 bp on each strand from DNase I diges-
tion and contacted nucleotides on two successive turns
of the DNA helix in methylation interference experi-
ments (Barberis et al. 1990; Kozmik et al. 1992). To fur-
ther define the BSAP recognition sequence, we system-
atically mutated every nucleotide of a high affinity bind-
ing site that originates from the sea urchin H2A-2.2 gene
(Fig. 1). Binding of BSAP to this panel of mutant oligo-
nucleotides was tested by electrophoretic mobility shift
assay (EMSAJ. As shown in Figure 1, most mutations
throughout the binding site reduce BSAP binding. Inter-
estingly, the most severe mutations are not clustered
but, rather, are evenly spaced at positions 9, 12, 16, and
21. Moreover, the first and last mutations (positions 6
and 23) that reduce BSAP binding are 18 nucleotides
apart from each other. This indicates that functional
BSAP-binding sites may be highly complex, as they can
span up to 18 bp. Furthermore, deletion of a single nu-
cleotide (G residue 14} in the middle of the recognition
sequence drastically reduces BSAP binding. Similarly,
insertion of one nucleotide (A) between positions 13 and
14 prevents binding almost completely (last two lanes of
Fig. 1). We conclude, therefore, that the topology be-
tween the left and right halves of the BSAP recognition
sequence is critical for protein binding.

A BSAP peptide with an incomplete paired domain
binds only to a subset of BSAP recognition sequences

Binding of BSAP to the H2A-2.2 recognition sequence
was shown previously to be strictly dependent on an
intact paired domain (Adams et al. 1992). This finding is
in apparent contradiction with the observations of Treis-
man et al. (1991) and Chalepakis et al. (1991} that the
Drosophila Paired and mouse Pax-1 proteins bind DNA
even in the absence of the last 35 amino acids of the
paired domain. These investigators used the €5 site for
their studies; hence, a possible explanation for the dis-
crepancy could be that distinct recognition sequences
differ in their requirement for an intact paired domain.
To examine this possibility, we have created a large
panel of oligonucleotides based on BSAP-binding sites
and tested whether they could bind full-length BSAP or
the truncated protein BSAP 1-107 lacking 36 carboxy-
terminal amino acids of the paired domain. The different
BSAP recognition sequences originate from the sea ur-
chin H2A-2 and H2B-2 genes, the human CD19 gene, the
Drosophila even-skipped promoter (e5; PRS-5) and from
different regions of the immunoglobulin heavy-chain
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Figure 1. Identification of nucleotides critical for BSAP binding by saturation mutagenesis of a BSAP recognition sequence. Single
point mutations were introduced into the BSAP-binding site of the sea urchin H2A-2.2 gene (Barberis et al. 1989), and these mutant
oligonucleotides were analyzed by EMSA using in vitro-translated BSAP protein. The oligonucleotide denoted A-ins contains an
additonal A residue between the two guanines at positions 13 and 14 {indicated by an arrowhead). The radioactivity in the BSAP
complex was quantitated on a Phosphorlmager (Molecular Dynamics), and the reduction of BSAP binding was plotted below each point

mutation.

gene locus (for references, see legend to Fig. 2). As shown
by the EMSA analysis in Figure 2, full-length BSAP, ei-
ther in vitro translated or assayed in BJA-B nuclear ex-
tracts, interacted with all of these sites. Three sequences
(€5, «S-1, and Sy1) were bound with low affinity, whereas
all other sites were recognized with medium or high af-
finity, in agreement with previous analyses (Barberis et
al. 1990; Adams et al. 1992; Kozmik et al. 1992). In con-
trast, the truncated peptide BSAP 1-107 was able to bind
only 6 of the 13 DNA probes (H2A-2.1, 5'Sy2a, and wild-
type and mutant CD19-2 and e5 sites). A 10-fold higher
molar concentration of the truncated peptide was needed
to obtain equivalent binding to these sites, thus indicat-
ing that the truncated BSAP peptide recognizes DNA
with an ~10-fold lower affinity than full-length BSAP.
Interestingly, the ability of an oligonucleotide to bind
the truncated BSAP protein did not correlate with its
affinity for full-length BSAP. These data also demon-
strate that eliminating the last 36 amino acids from the
paired domain restricts the sequence specificity of the
truncated peptide. This change in sequence specificity
explains the previous discrepancy between our DNA-
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binding results (Adams et al. 1992) and other published
data (Chalepakis et al. 1991; Treisman et al. 1991).

A consensus recognition sequence and a model
for the DNA-paired domain interaction of BSAP

For sequence alignment we divided the different BSAP
recognition sequences into two classes (I and II} accord-
ing to their ability to bind the truncated BSAP peptide
(Fig. 3A). Comparison of the class II recognition se-
quences, which interact with BSAP 1-107, revealed that
all of these sequences are highly conserved in their 3’
half. The deduced consensus sequence for this 3’ part is
GCG G/T A/G AC G/C G/A and contains the penta-
nucleotide GGAAC, which was dentified previously as a
DNA-binding core motif for Pax-1 (Chalepakis et al.
1991; complementary strand published: GTTCC). The
class I BSAP recognition sequences, which do not bind
BSAP 1-107, were aligned according to their match with
the 3’ consensus motif. As shown in Figure 3A, all of
these sequences deviate from the 3' consensus motif at 1
to 4 positions. In particular, five of these seven sites con-
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Figure 2. Differential sequence recognition by truncated and
full-length BSAP proteins. Oligonucleotides containing differ-
ent BSAP recognition sites were analyzed by EMSA for binding
to the endogenous BSAP of BJA-B nuclear extracts, to in vitro-
translated full-length BSAP, and to the truncated peptide BSAP
1-107. The latter peptide was used in a 10-fold higher molar
concentration than full-length BSAP. Only the relevant part of
the autoradiograph containing the protein~-DNA complexes is
shown for full-length BSAP. A schematic representation of the
two BSAP peptides is shown below. Horizontal rules above the
paired box denote the positions of the three a-helices postulated
by secondary structure prediction (Bopp et al. 1989). The differ-
ent BSAP-binding sites originate from the sea urchin H2A-2 and
H2B-2 genes (Barberis et al. 1989}, the human CD19 gene
(Kozmik et al. 1992), the Dosophila even-skipped promoter (5,
Treisman et al. 1991; PRS-5, Chalepakis et al. 1991} and from
different regions of the immunoglobulin heavy-chain gene (oS-
1, Waters et al. 1989; 5'Sy2a, Liao et al. 1992; Sy1, Williams and
Maizels 1991; Ie, Rothman et al. 1991).

tain a guanine at position 21, which is absent in all class
II sequences.

The 5’ half of the BSAP-binding sites is conserved at
five positions. A purine is present at position 6 in all
sequences and a TG dinucleotide is preferentially lo-
cated at positions 12 and 13. In addition, all class I se-
quences contain an invariant CA dinucleotide at posi-
tions 9 and 10, whereas the same two nucleotides are
absent in class II binding sites.

In the past we have used methylation interference
analysis to study the interaction of BSAP with its bind-
ing sites in the H2A-2, H2B-2, and CD19 promoters (Bar-
beris et al. 1990; Kozmik et al. 1992) and with the e5 and
PRS-5 sequences {Adams et al. 1992). As summarized in
Figure 3B, these methylation interference data indicate
that BSAP contacts guanines in two clusters that are
separated by one turn of the DNA helix. Hence, the
paired domain of BSAP recognizes one side of the DNA
helix by interacting with bases in two consecutive major
grooves. Comparison of the methylation interference

DNA sequence recognition of BSAP (Pax-5)

data (Fig. 3B) with the consensus recognition sequence
(Fig. 3A) demonstrates that both the 5’ consensus se-
quence centered around the CA dinucleotide and the
more extensive 3’ consensus motif correspond to the two
contact sites in the major groove. We therefore con-
cluded that BSAP-binding sites exhibit a bipartite struc-
ture, with each half site being represented by the 5' or 3’
consensus motif. Furthermore, we hypothesized that the
paired domain might also be divided into two subdo-
mains. As illustrated by the model in Figure 3C, the
carboxy-terminal part of the paired domain would inter-
act with the 5’ half of the recognition sequence contain-
ing the invariant CA dinucleotide. Conversely, the
amino-terminal region of the paired domain would con-
tact the more extensive 3’ consensus motif.

A consequence of this model is that the two individual
interactions with the major groove both contribute to
the total energy of the BSAP-DNA-binding reaction.
Thus, either both contact sites could make a similar con-
tribution to the overall affinity or one of the two contact
sites might dominate over the other. The latter case is
apparently encountered with the class II binding sites,
which perfectly match the 3’ consensus motif but lack
the critical CA dinucleotide in the 5’ contact site. Ac-
cording to our model (Fig. 3C), the 3’ site should there-
fore make a greater contribution to the overall affinity.
Dominance of the 3’ site over the 5’ site could explain
why BSAP 1-107 is able to bind class II recognition se-
quences, as deletion of the carboxy-terminal 36 amino
acids of the paired domain would weaken the interaction
of BSAP with only the less important 5’ contact site.

The carboxy-terminal region of the BSAP paired
domain interacts with the 5' consensus motif

The sequence-specific interaction of the two paired do-
main subregions was directly demonstrated by methyl-
ation interference analysis. For this purpose we chose a
high affinity binding site [CD19-2(A-ins)], which is
bound by both full-length BSAP and BSAP 1-107. As
shown in Figure 4, binding of full-length BSAP is pre-
vented by methylation of two G residues in the 5’ con-
sensus motif and three G residues in the 3’ consensus
sequence. The truncated BSAP peptide lacking part of
the carboxy-terminal paired domain, however, contacts
only the three G residues of the 3’ consensus sequence.
This evidence directly demonstrates that the amino-ter-
minal part of the paired domain interacts with the 3’
consensus motif. It therefore follows that the carboxy-
terminal paired domain sequences in full-length BSAP
contact the 5' motif.

Chimeric recognition sequences confirm the bipartite
structure of the BSAP-binding site

A further prediction of our model {Fig. 3C) is that im-
proving the match of a binding site with the consensus
sequence should increase its affinity for BSAP. Previ-
ously, we noted that the CA dinucleotide is missing in
the 5’ half of the CD19 site 2 because of lack of an A
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Figure 3. Consensus recognition sequence and H2B-2.1
model for the DNA-paired domain interaction of I/ coie-1
BSAP. (A) BSAP recognition sequences. In each Ie
case, the sequence is shown for the entire DNase oS-
I-protected region. The orientation of the se- St
quences corresponds to the natural orientation of CDio2

the BSAP-binding sites in the H2A-2.2, H2B-2.1, (Adins)
H2B-2.2, CD19, and Ie promoters. Only the H2A-

. } S X [cD19-2
2.1 sequence is shown in the opposite orientation H2A-2.1
as it occurs in the H2A-2.1 promoter. The num- I | ss }/Za-
bering of the positions is the same as in Fig. 1. PRS.5
Consensus residues are shaded, and the deduced o5

consensus sequence is shown above the sequence L
compilation. The complementary strand of the
pentanucleotide GTTCC (Chalepakis et al. 1991)

is underlined in the €5 and PRS-5 sequences. Bind- B
ing of full-length BSAP and of the truncated pep-

tide BSAP 1-107 is summarized at right. Most

class I binding sites contain a G residue (boxed) at
position 21 that is suboptimal for BSAP binding

(see Fig. 5) and was therefore ommitted from the
consensus. (B) Compilation of methylation inter-
ference data. Published BSAP methylation inter-
ference data (Barberis et al. 1990; Adams et al.
1992; Kozmik et al. 1992} were used to determine

the ratio of interfering methylated G residues over C
total methylated G residues at each nucleotide po-
sition of the BSAP-binding site. G residues in both
strands were considered.(C) Model of the paired
domain—-DNA interaction. In this model the
amino- and carboxy-terminal regions of the paired
domain contact two successive major grooves

from the same side of the DNA helix.

interfering methyl-G
total methyl-G

residue at position 10 (Kozmik et al. 1992). Insertion of
an adenine at this position generates a BSAP recognition
sequence that completely conforms to the consensus se-
quence in both half sites (Fig. 3A). This A insertion in-
creased the affinity of the CD19 site 2 by a factor of 30,
thus creating the best BSAP-binding site known so far
(Fig. 2; Adams et al. 1992).

We then generated chimeric recognition sequences by
swapping entire 5’ and 3’ half sites between class I and
class II sequences (Fig. 5). The H2A-2.2 site was selected
as a class I BSAP recognition sequence with a strong 5’
half site, whereas the e5 site was chosen as a class II
representative with a strong 3' half site (Fig. 2). The
H2A/e5 site contains the 5’ half of the H2A-2.2 site
linked to the 3’ half of the e5 site and thus matches the
consensus sequence better than the two original se-
quences. The complementary site e5/H2A, however, fits
neither the 5’ nor the 3’ consensus sequences particu-
larly well. As expected, the H2A/e5 site bound full-
length BSAP with even higher affinity than the H2A-2.2
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site and, furthermore, acquired the potential to bind
BSAP 1-107 (Fig. 5). In contrast, the e5/H2A site was not
able to bind either of the two BSAP proteins (Fig. 5).
The validility of our consensus sequence was investi-
gated further by single point mutations. The H2A-2.2
site deviates from the 3’ consensus sequence only at po-
sition 17 (G instead of C). Replacing G with C not only
allowed binding to BSAP 1-107 but further increased the
affinity of this sequence {(H2A-17C) for full-length BSAP
{Fig. 5). Most class I recognition sequences contain a G
residue at position 21, which is absent from the 3’ con-
sensus motif of class II binding sites (Fig. 3). As these
sites do not bind BSAP 1-107, we argued that a guanine
at this position might decrease the affinity of the 3’ con-
tact site. To test this possibility, we introduced a gua-
nine at position 21 of the H2A-17C sequence. Consistent
with our theory, this single point mutation strongly de-
creased binding to BSAP 1-107 and reduced the affinity
of the new site (H2A-17C/21G) for full-length BSAP (Fig.
5). Taken together, these data demonstrate that both
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Figure 4. Methylation interference analysis of the DNA se-
quence interaction of full-length and truncated BSAP. The
CDI19-2 {A-ins) oligonucleotide shown at the bottom was
cloned into the Sall site of the plasmid pBend2 (Kim et al. 1989)
and excised either as a BamHI-BgIII restriction fragment that
was 3’ end-labeled at the BamHI site or as a Nhel-BamHI frag-
ment with a 3’ end-labeled Nhel site. Both labeled DNA probes
were used for methylation interference analysis (Barberis et al.
1989) with either full-length or truncated BSAP proteins that
were expressed in transfected COP-8 cells. (F) Free DNA. The
consensus sequence of Fig. 3 is highlighted by black overlay.
Arrowheads point to methylated G residues that interfere with
BSAP binding.

halves of the BSAP recognition sequence contribute to
the overall affinity of BSAP binding. Moreover, there is a
clear correlation between the match of a given binding

site with the consensus sequence and its affinity for
BSAP.

Identification of the minimal paired domain
sequences required for DNA binding

Earlier we showed that a peptide consisting of the first
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163 amino acids of BSAP is able to bind the H2A-2.2 site,
a typical representative of class I sequences (Adams et al.
1992). To test whether the amino acids flanking the
paired domain of BSAP 1-163 are essential for binding,
we generated a peptide that consists only of paired do-
main sequences (BSAP 16-145; Fig. 6. This peptide, full-
length BSAP, and BSAP 1-163 were synthesized in vitro
(Fig. 7C) and then used in equivalent molar amounts for
EMSA analysis with the H2A-2.2 probe (Fig. 7A). All
three proteins bound with equal affinity to this se-
quence, thus indicating that the paired domain alone de-
termines the DNA-binding properties of BSAP.

We then asked whether amino-terminal resections
into the paired domain also lead to differential binding of

O]
Q
2§ v & R B
~ I o7 T
s & § § 8§
g T 9 I T I =T
r
BSAP | *.
L
BSAP 1-107
free probe
5
A GA GG - 2
CONSENSUS G..CA.TG..GCGTGACCA a a
e5 [GACGGGACAGCCTGAGCGEGAACGGTGCT] + +
H2A/e5 TTGTGACGCAGCUGCAGCGGARCGGTGCT] +++ +
e5/H2A GACGGGACAGCCTIGTGGGTGACGACTGT - -
H2A-2.2 TTGTGACGLAGCGGTGGLIGACGACTGT ++ -
H2A-17C TTGTGACGCAGCGGT TGACGACTGT +++ +

H2A-17C/21G TTGTGACGCAGCGGTT GACTGsz ++ (=)
1

Figure 5. The affinity of chimeric BSAP-binding sites corre-
lates with their match to the consensus sequence. Binding of in
vitro-translated full-length and truncated BSAP peptides to the
sequences shown at the bottom was investigated by EMSA. The
truncated protein BSAP 1-107 was used in a 10-fold higher mo-
lar concentration than full-length BSAP. Only the relevant part
of the autoradiograph containing the protein-DNA complexes
is shown for full-length BSAP. The e5 sequence is boxed, and
homologies with the consensus sequence are shaded. The G
residue at position 21 (boxed) is present in most class I binding
sites {see Fig. 3).
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class I and II recognition sequences, as is seen with car-
boxy-terminal resections (Fig. 2). As shown in Figure 7B
and summarized in Figure 6, amino-terminal deletion up
to amino acid 30, which eliminates the first 14 amino
acids of the paired domain, similarly reduced the affinity
for both the H2A-2.2 and e5 sites by a factor of ~10,
because 10-fold higher concentrations of the truncated
proteins had to be used to obtain the same level of bind-
ing as with BSAP 1-163. Further deletion up to position
37, which eliminates all sequences amino-terminal to
the first predicted a-helix of the paired domain (Bopp et
al. 1989}, completely abolished binding to both the H2A-
2.2 and e5 sites (Fig. 7B). These data map the amino-
terminal boundary for the DNA-binding domain be-
tween amino acid residues 30 and 37 of BSAP.

The class I and II binding sites were defined according
to their distinct requirements of carboxy-terminal paired
domain sequences for DNA binding (Fig. 2). A detailed
deletion analysis has previously indicated that even the
most carboxy-terminal sequences of the paired domain
are critical for interaction with the class I site of the
H2A-2.2 gene (Adams et al. 1992). To delimit the mini-
mal sequences required for binding to class II sites, we
analyzed further carboxy-terminal resection mutants of
the BSAP paired domain by EMSA with the e5 site (Fig.
7B). The peptide BSAP 1-97, lacking the second and third
predicted o-helices of the paired domain (Bopp et al.
1989), still interacted with the e5 site as efficiently as
BSAP 1-107. However, deletion of an additional eight
amino acids (BSAP 1-89) dramatically reduced binding.
In summary, the two classes of recognition sequences
rely for binding to BSAP on the same amino-terminal

o »
- S

2 -

PAIRED DOMAIN

BSAP 1-163
BSAP 16-145 ;

BSAP 24-163

BSAP 30-163

BSAP 37-163
BSAP 1-107
BSAP1.97
BSAP 1-89

BSAP G30S (Un) ¢ —§
BSAPP32L (WS) | L
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residues of the paired domain but exhibit a vastly differ-
ent requirement for carboxy-terminal paired domain se-
quences.

Point mutations in the amino-terminal part
of the paired domain preferentially affect binding
to class II recognition sequences

The above result could be interpreted to mean that the
amino-terminal amino acids of the paired domain are
equally important for interaction with both types of
binding sites. Alternatively, deletion analysis may be in-
adequate to study this question, as deletions can gener-
ate gross changes in the overall structure of a domain.
We therefore introduced three point mutations into the
amino-terminal part of the BSAP paired domain (Fig. 6)
and analyzed their effect on DNA binding (Fig. 8). We
substituted the arginine at position 38 in the first pre-
dicted a-helix with alanine (R38A}, which constitutes a
nonconservative amino acid change not reported so far.
In contrast, the Gly—Ser replacement (G30S) at position
30 corresponds to the un mutation of the mouse Pax-1
gene (Balling et al. 1988) and the Pro—Leu substitution
{P32L} to a point mutation detected in the PAX-3 gene of
a patient with WS type I (Baldwin et al. 1992). BSAP
peptides containing these mutations were all synthe-
sized with equal efficiency in vitro (Fig. 8C). As shown in
Figure 8A, the mutant protein P32L (WS) was completely
unable to bind to the H2A-2.2 probe, whereas the other
two substitutions, G30S (un) and R38A, reduced binding
by more than a factor of 10 {Fig. 8A). In Figure 8B we
analyzed the relative binding of the latter two mutants

H2A-2.2 e5
++  ++
++  ++

+ +
+ +
- +
- +
- ()
+ (4
+  (+)

Figure 6. Summary of the in vitro mutagenesis of the BSAP paired
domain. The first and last amino acids of each BSAP peptide are indi-

cated. Numbering of amino acid residues refers to the sequence of
full-length BSAP (Adams et al. 1992). The substitutions G30S and
P32L correspond to the undulated (un) mutation of the mouse Pax-1
gene (Balling et al. 1988) and to a point mutation detected in the PAX-3

gene of a patient with Waardenburg’s syndrome type I (WS. Brazil;

Baldwin et al. 1992), respectively. Binding of the different BSAP pep-

H2A-2.2 CA....... G..GTGACGA..........
€5 GCGGAACGG.....
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tides to the H2A-2.2 and e5 sites is summarized at right. The model of
the paired domain—-DNA interaction is diagramed at bottom.
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Figure 7. DNA binding to truncated versions of the BSAP paired domain. {A) The paired domain of BSAP is sufficient for high-affinity
DNA binding. Full-length BSAP and the two pepetides BSAP 1-163 and BSAP 16-145 were synthesized by in vitro translation (see
panel C), and the same amount of each protein was analyzed by EMSA for binding to the H2A-2.2 site. (B} amino- and carboxy-terminal
deletion mutants of the BSAP paired domain. All in vitro-translated deletion mutants were used in a 10-fold higher concentration than
peptide BSAP 1-163 for EMSA analysis with the H2A-2.2 and e5 DNA probes. (C) Electrophoretic analysis of in vitro-translated
proteins. BSAP peptides were synthesized by in vitro translation in the presence of [3*S]cysteine, and 1 pl of each reaction was analyzed
by 15% SDS-PAGE followed by autoradiography and quantitation on a Phosphorlmager as described in Materials and methods. The
positions of marker proteins {M; sizes in kD) are indicated at left and right.

to representative sites of both classes of recognition se-
quences (H2A-2.2 and e5). For better comparison we ad-
justed the concentrations of the mutant and wild-type
proteins to yield similar complex formation with the
H2A-2.2 probe. Under these conditions the point muta-
tions G30S (un) and R38A further reduced BSAP binding
to the €5 site by factors of 8 and 15, respectively. These
data demonstrate that single point mutations in the
amino-terminal part of the paired domain affect BSAP
binding more strongly to class II recognition sequences
(e5) than to class I sites (H2A-2.2), which is consistent
with our model of the paired domain—-DNA interaction
(Fig. 3C).

The DNA-binding specificity of BSAP is
determined by the amino- and carboxy-terminal halves
of the paired domain

Our previous finding that the Pax-1 protein binds BSAP
recognition sequences with lower affinity than BSAP
(Adams et al. 1992) allowed us to identify, by domain

swap experiments, sequences in the BSAP paired domain
that determine its DNA-binding specificity. For this pur-
pose, the amino-terminal sequences of Pax-1 were fused
in the conserved middle part of the paired domain to the
corresponding sequences of BSAP to generate the protein
Pax1/BSAP (Fig. 9). Conversely, the fusion protein
BSAP/Paxl consists of amino-terminal sequences of
BSAP linked at the same position in the paired domain to
Pax-1. Chimeric and parental proteins were synthesized
in vitro, and the same amount of each protein was sub-
jected to EMSA analysis with both the e5 and H2A-2.2
DNA probes (Fig. 9). BSAP interacts with the H2A-2.2
site ~50-fold better than Pax-1, in agreement with pre-
vious data (Adams et al. 1992). Both chimeric proteins
bind to the H2A-2.2 probe with a six- to eightfold higher
affinity than Pax-1, thus indicating that the DNA-bind-
ing specificity of BSAP resides in both the amino- and
carboxy-terminal halves of the paired domain. These
data further imply that both the amino- and carboxy-
terminal regions of the paired domain cooperate with
each other to bring about high affinity binding of BSAP.
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Figure 8. Amino acid substitutions in the amino-terminal part of the paired domain preferentially reduce binding to class II recog-
nition sequences. (A) Wild-type and mutated BSAP peptides (see also Fig. 6) were synthesized in vitro and used for EMSA analysis with
the H2A-2.2 probe at the relative molar concentrations indicated. (B) Preferential reduction of binding to the €5 recognition sequence.
The concentrations of the different in vitro-translated BSAP peptides were adjusted to ensure equivalent protein binding to the
H2A-2.2 DNA probe. The same relative concentrations were then used for EMSA analysis with the e5 probe. Only the relevant part
of the autoradiographs containing the BSAP-DNA complexes are shown. The ratio of relative binding to the two sites was calculated
for each mutation by quantitating the radioactivity of the BSAP signals on a Phosphorlmager. (C) SDS-PAGE analysis of the in
vitro-translated BSAP peptides. The positions of marker proteins (sizes in kD) are indicated at left.

Our model in Figure 3C predicts that improving the
DNA-binding potential of the carboxy-terminal part of
the paired domain in the chimeric protein Pax1/BSAP
should have little or no effect on the binding of class II
recognition sequences. As shown in Figure 9, Pax1/BSAP
and Pax-1 bind to the e5 site with nearly the same affin-
ity in clear contrast to the observation with the H2A-2.2
probe. This result supports our model of the paired do-
main-DNA interaction. Because BSAP/Pax1 and BSAP
bind to the e5 site with higher affinity than Pax-1, it
seems that the amino-terminal part of the BSAP paired
domain is optimized for interaction with the 3’ consen-
sus motif.

Pax proteins of different subfamilies exhibit
distinct sequence specificities

The different Pax proteins can be divided into six dis-
tinct subfamilies according to their sequence similarity
in the paired domain (Walther et al. 1991). The question
therefore arises whether the consensus recognition se-
quence deduced for BSAP (Fig. 3) is also valid for Pax
proteins of other subfamilies. To answer this question,
we analyzed binding of representative members of these
subfamilies to the CD19-2 probe containing the A inser-
tion (A-ins) (Fig. 10A). This site was chosen because of its
perfect match with the consensus sequence (Fig. 3}. As
shown in Figure 10A, other paired domain proteins (Pax-
1, Pax-6, Pax-3, Gsb) also bind to this recognition se-
quence. However, their affinity for this site is lower than
that of BSAP, thus indicating that members of distinct
Pax subfamilies differ in their sequence recognition. The
consensus sequence in Figure 3 therefore appears to be
optimized for the subfamily comprising BSAP.

To gain further insight into the sequence specificity of
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the different Pax proteins, we analyzed binding of these
proteins to our panel of BSAP recognition sequences {Fig.
10B). Two subfamilies of Pax proteins, represented by
Pax-3 and the Drosophila proteins Pox neuro (Poxn),
Paired (Prd), and Gooseberry (Gsb), bind exclusively to
class II binding sites. This behavior and the low affinity
of these proteins for the CD19-2 (A-ins) sequence is sim-
ilar to that seen with BSAP 1-107 (Fig. 10A). Thus, pro-
teins of these two subfamiles may interact only with the
3' consensus sequence. Representatives of two other
subfamilies, Pax-1 and Pax-6, show differential interac-
tion with members of both classes of BSAP-binding sites
and thus exhibit novel DNA sequence specificities. In-
terestingly, all of the Pax proteins analyzed bind to the
three recognition sequences, which were engineered to
completely match the BSAP consensus sequence.

Discussion

The paired domain is a novel DNA-binding motif that
characterizes a unique family of transcription factors
(Chalepakis et al. 1991; Treisman et al. 1991; Adams et
al. 1992). In this report we subjected the paired domain of
the transcription factor BSAP (Pax-5), one of the mam-
malian Pax proteins, to a detailed structure—function
analysis by in vitro mutagenesis and DNA-binding as-
says using a large panel of naturally occurring BSAP-
binding sites. These experiments allowed us to deduce a
nonpalindromic consensus recognition sequence for
BSAP and to put forward the following model of the
paired domain—DNA interaction (Fig. 3). The paired do-
main binds to its recognition sequence from one side of
the DNA helix and thereby interacts with two succes-
sive major grooves. The BSAP recognition sequence is
divided into two halves, each corresponding to one major
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Figure 9. The DNA-binding specificity of BSAP resides in both
halves of the paired domain. Pax-1, BSAP, and the chimeric
proteins BSAP/Pax1 and Pax1/BSAP were translated in vitro
and quantitated by SDS-PAGE and autoradiography. The same
molar amount of each protein was used for EMSA analysis with
the H2A-2.2 and e5 DNA probes (A). The chimeric proteins
Pax1/BSAP and BSAP/Pax] are schematically diagramed, in B,
together with the model of the paired domain—-DNA interac-
tion. Relevant amino acid positions of BSAP (Adams et al. 1992)
and Pax-1 (Chalepakis et al. 1991) are indicated. Relative bind-
ing of the different proteins to the H2A-2.2 and e5 sites is indi-
cated at the far right and was determined by quantitating the
autoradiographic signals shown in panel A on a Phosphorlm-
ager. The level of Pax-1 binding to the e5 site was given a value
of 1. As BSAP binding already reached saturation levels in the
experiment shown, the relative binding values of BSAP were
determined in a separate EMSA experiment using five times
lower concentrations of each protein.

groove contact site. The paired domain also exhibits a
bipartite structure. The amino-terminal subdomain rec-
ognizes the more extensive 3' consensus motif of the
BSAP-binding site, whereas the carboxy-terminal part of
the paired domain interacts with the 5’ consensus motif.
The two interactions with these half sites together de-
termine the overall affinity of a given binding site.

DNA sequence recognition of BSAP (Pax-5)

This bipartite model of the paired domain-DNA inter-
action is supported by the following evidence. First, none
of the naturally occurring BSAP-binding sites completely
conform to the BSAP consensus sequence. Instead, these
sites can be divided into two classes depending on
whether their 5’ {class I} or 3’ {class II} half sites fully
match the consensus sequence (Fig. 3). Second, BSAP
peptides lacking up to 46 amino acids from the carboxy-
terminal region of the paired domain are only capable of
binding to class II recognition sequences. The 3’ consen-
sus motif of these sites appears to be optimized for in-
teraction with the amino-terminal part of the paired do-
main that is still present in the truncated peptides. Class
II sites show, however, only a rudimentary match to the
5’ consensus motif, thus pointing to a weak interaction
with the carboxy-terminal half of the paired domain.
Consequently, deletion of this carboxy-terminal subdo-
main in the truncated peptides has only a relatively
small effect on DNA binding (10-fold reduction). The 3’
interaction site of class II recognition sequences is there-
fore dominant over the 5’ site, in contrast to class I se-
quences where both half sites appear to contribute
equally to the overall affinity. Third, methylation inter-
ference experiments with a truncated BSAP peptide lack-
ing the carboxy-terminal region of the paired domain di-
rectly demonstrated that the remaining amino-terminal
part of the paired domain exclusively contacts the 3’
consensus motif of the BSAP-binding site. Fourth, our
model predicts that class II recognition sequences rely
primarily on the interaction with the amino-terminal
region of the paired domain. Single amino acid substitu-
tions in the amino-terminal part of the paired domain
preferentially affected binding to these sites compared
with class I recognition sequences. Fifth, the sequence
specificity of the BSAP paired domain is determined by
both its amino- and carboxy-terminal regions as shown
by domain exchange experiments with Pax-1. Sixth,
novel binding sites created by exchanging 5’ and 3’ half
sites of class I and II recognition sequences exhibited
binding specificities as predicted by our model. Further-
more, the binding affinities of these sites strictly corre-
lated with the match to the BSAP consensus sequence.

How does the new consensus sequence (Fig. 3) com-
pare with previously published consensus sequences for
Pax proteins (Barberis et al. 1989; Chalepakis et al.
1991)? By comparing the TSAP-binding sites in sea ur-
chin histone H2A-2 and H2B-2 promoters we arrived at a
degenerate consensus sequence that emphasizes the im-
portance of the 5' half site for protein binding, as it con-
tains all its conserved base pairs (Barberis et al. 1989). In
contrast, Chalepakis et al. {1991) defined the pentamer
GTTCC as a DNA-binding core motif for Pax-1 by in
vitro mutagenesis of the Drosophila €5 sequence. This
pentamer is part of our 3’ consensus motif (Fig. 3). In this
context it is, however, important to note that even the
improved BSAP consensus sequence (Fig. 3) may not
greatly facilitate identification of binding sites based on
sequence comparison alone. One reason for this is pro-
vided by the observation that binding sites with a com-
plete match to the consensus sequence possess an excep-
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Figure 10. Pax proteins of different subfamilies exhibit distinct sequence specificities. {A) Comparison of DNA binding of different
Pax proteins. The different Pax proteins were synthesized in vitro and analyzed by SDS-PAGE followed by autoradiography (bottom).
Binding to the CD19-2 (A-ins) oligonucleotide was analyzed by EMSA (top) using the same molar amount of BSAP, Pax-1, and Pax-6
and 10-fold higher concentrations of Pax-3, Gsb, and BSAP 1-107. (B) Binding of the different paired domain proteins to a panel of BSAP
recognition sequences. The different Pax proteins were expressed by transient transfection in COP-8 cells, and whole cell extracts were
analyzed by EMSA for binding to the different BSAP-binding sites (see Fig. 3). No attempt was made to adjust the absolute protein
concentrations of the different Pax proteins for the EMSA analysis in B in contrast to the experiment in A. Abbreviations of the
Drosophila proteins: (Poxn) Pox neuro (Bopp et al. 1989); {Prd) Paired (Bopp et al. 1986); {Gsb) Gooseberry (BSH9; Baumgartner et al.
1987). The three BSAP-binding sites with the highest affinity are boxed, and members of the same subfamily of Pax proteins are

indicated by brackets.

tionally high affinity for BSAP (Fig. 3; Adams et al. 1992).
Such high affinities are apparently not required for BSAP
binding in vivo, as all naturally occurring binding sites
identified so far deviate from the consensus sequence by
base changes in their 5’ or 3’ half sites. As a conse-
quence, BSAP is able to interact with a panel of seem-
ingly degenerate recognition sequences. This extraordi-
nary flexibity of sequence recognition is thus a direct
result of the bipartite structure of the paired domain.
The paired domains of BSAP (Pax-5), Pax-2, and Pax-8
are not only highly conserved but also recognize DNA in
an identical manner (Kozmik et al. 1993), thus indicating
that the BSAP consensus sequence holds true for this
subfamily of Pax proteins. As shown in Figure 11, the
Pax-8-binding sites identified in the TPO and Tg promot-
ers (Zannini et al. 1992} conform to the BSAP consensus
sequence. These two sites interact with BSAP like typi-
cal class I binding sites of medium and low affinity, re-
spectively (see legend to Fig. 11). Members of other Pax
subfamilies, however, exhibit different sequence speci-
ficities, as they bind only to subsets of BSAP recognition
sequences with even reduced affinity. It is noteworthy
that the high-affinity binding sites that match our con-
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sensus sequence are bound by all the different Pax pro-
teins. The BSAP consensus sequence therefore possesses
the essential features of a general paired domain recog-
nition sequence. Most Pax proteins bind to the class II
binding sites that are optimized for the interaction with
the amino-terminal part of the paired domain (Fig. 10B).
In agreement with this, the paired domain sequences of
Pax proteins are more highly conserved in the amino-

A GA GG
CONSENSUS G..CA.TG..GCGTGACCA

TPO
Tg

Figure 11. Pax-8-binding sites conform to the BSAP consensus
sequence. Shown is the alignment of the Pax-8 recognition se-
quences of TPO and Tg genes (Zannini et al. 1992) with the
BSAP consensus sequence (Fig. 3). Compared with the H2A-2.2
site, TPO and Tg sites possess a 3- and 16-fold lower affinity for
full-length BSAP, respectively. Both sites do not bind the trun-
cated peptide BSAP 1-107 (T. Czerny, unpubl.).
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terminal half than in the carboxy-terminal region
(Walther et al. 1991). We therefore hypothesize that the
recognition sequences of all Pax proteins resemble the
conserved 3’ motif of the BSAP consensus sequence but
that their 5’ motif is subfamily-specific, thus conferring
high-affinity binding. In support of this, members of two
subfamilies {Pax-3, Gsb, Prd, and Poxn| fail to interact
with the 5’ motif of BSAP recognition sequences (class I;
Fig. 10B).

Genetic lesions in Pax genes are associated with
mouse developmental mutants and human syndromes
(for review, see Gruss and Walther 1992; Stapleton et al.
1993). Some of these mutations directly affect the paired
domain either by deleting part of it (Pax-3, Epstein et al.
1991; Morell et al. 1992; Tassabehji et al. 1992 or by
substituting single amino acids (Pax-1, Balling et al.
1988; Pax-3, Baldwin et al. 1992; Epstein et al. 1993;
Hoth et al. 1993; Tassabehiji et al. 1993; Pax-6, Glaser et
al. 1992). These mutations either abrogate DNA binding
by the paired domain, such as the Waardenburg Brazil
(WB) substitution (Fig. 8, P32L; Baldwin et al. 1992), or
reduce DNA binding as exemplified by the undulated
mutation (Fig. 8, G30S; Chalepakis et al. 1991). All mu-
tations of the latter class not only reduce DNA binding
but also simultaneously restrict the target sequence
specificity of the paired domain (Figs. 7 and 8; Chalepa-
kis et al. 1991}, because they preferentially affect the
interaction with one of the two half sites according to
our bipartite model of the paired domain—-DNA interac-
tion. As a consequence, these latter mutations may af-
fect the expression of only a subset of target genes. In
support of this idea, amino acid substitutions were found
at different positions within the Pax-3 paired domain in
patients with phenotypically distinct subtypes of WS
(Baldwin et al. 1992; Hoth et al. 1993; Tassabehiji et al.
1993).

The paired domain alone could be synthesized as a
stable protein that contains all of the information nec-
essary for the DNA binding of BSAP (Fig. 7A}. The ques-
tion therefore arises whether the two subregions of the
paired domain also represent separate or, rather, interde-
pendent units. Peptides with large carboxy-terminal de-
letions in the paired domain could be expressed as ap-
parently independent units still capable of low affinity
DNA binding (Fig. 7B). Peptides with extensive amino-
terminal deletions of the paired domain, however, lost
their ability to bind DNA, thus indicating that the car-
boxy-terminal region of the paired domain is incapable of
either proper folding or DNA binding in the absence of
amino-terminal sequences. The two subregions of the
paired domain are furthermore unable to bind DNA au-
tonomously, as short oligonucleotides containing indi-
vidual half sites of the BSAP recognition sequence were
not bound by full-length BSAP (T. Czerny, unpubl.). The
two subdomains are therefore best viewed as function-
ally interdependent units of the paired domain.

Most prokaryotic transcription factors bind to DNA by
contacting two major grooves, similar to Pax proteins.
These prokaryotic factors, however, bind as dimers to
palindromic sequences and use helix—turn-helix (HTH)

DNA sequence recognition of BSAP (Pax-5)

motifs for sequence recognition (Harrison 1991; Pabo
and Sauer 1992). In contrast, Pax proteins bind DNA as
monomers and interact with nonpalindromic sequences
{Adams et al. 1992). Pax proteins may also contact the
minor groove of the DNA helix, as suggested by the fol-
lowing evidence. First, adenines, which are methylated
at their N-3 position and thus interfere with protein
binding in the minor groove, are preferentially located in
the center of BSAP recognition sequences between the
two major groove contact sites (Barberis et al. 1989,
1990). Second, the BSAP consensus sequence contains
three conserved nucleotides in central positions (13, 16,
and 17; Fig. 3). Third, mutations in the center of the
H2A-2.2 recognition sequence reduce BSAP binding (Fig.
1). An alternative interpretation of these data is sug-
gested by analogy to the phage 434 repressor—operator
system, where the central base pairs in the operator site
strongly influence the binding affinity although they are
not contacted by the repressor (Koudelka et al. 1987).
Similarly, the central base pairs of BSAP recognition se-
quences may also affect protein binding in an indirect,
but sequence-dependent, manner.

Pou domain proteins are another family of eukaryotic
transcripion factors that utilize a bipartite DNA-binding
domain to recognize DNA (Verrijzer et al. 1992 and ref-
erences therein). The zinc finger proteins are examples of
regulatory factors with multiple DNA-binding modules
(for review, see Kaptein 1992). Even transcription factors
containing two distinct DNA-binding domains exist, as
exemplified by the Myb—Ets fusion protein of the avian
leukemia virus E26 (Metz and Graf 1991) and by a sub-
class of Pax proteins that possess a homeo domain in
addition to their paired domain (for review, see Gruss
and Walther 1992; Noll 1993). Thus, the assortment of
different DNA-binding domains or subdomains has led
to the evolution of transcription factors with extremely
versatile and flexible DNA sequence recognition.

Materials and methods
Oligonucleotides

All DNA probes have been described previously (Barberis et
al. 1989; Adams et al. 1992; Kozmik et al. 1992), except for
the following oligonucleotides: (1) tcgacTCTCAGCACCGC-
ACGATTAGCACCGTTCCGCTCAGGCTGTCCCg {e5); (2)
tcgacGGGACAGCCTGAGCGAACGGTGCTAATCGTGCG-
GTGCTGAGAg (e5); (3) tcgacTGCCAGCCAAGTTCAGTCT-
AGTGTAGCAAGCTtcgg (aS-1); {4) tcgacccgaAGCTTGCTAC-
ACTAGACTGAACTTGGCTGGCAg (aS-1); (5) tcgacCCAGG-
GATCAGAATTGTGAAGCGTGACCATAGAAAGg (5'Svy2a);
(6) tcgacCTTTCTATGGTCACGCTTCACAATTCTGATCC-
CTGGg (5'Sy2a); {7) tcgacGGATCTCCTGGGTCAAGGCT-
GAATAGACGCAGGGGAG (Svy1); (8) tcgaCTCCCCTGCGT-
CTATTCAGCCTTGACCCAGGAGATCCg (Svl); (9) tcgaC-
TTTTAGCTGAGGGCACTGAGGCAGAGCGGCCCCTAGG
(Ie); {10) tegaCCTAGGGGCCGCTCTGCCTCAGTGCCCTC-
AGCTAAAAG (Ie).

The following oligonucleotides were used for PCR-based
mutagenesis or cDNA cloning: {11} GTGGCCGTGAATT-
CACAAAAACC (G30S); (12) CCGGGAGTAGCCGTCCAT-
TCACA (P32L); (13) TCCTCTGGGCGACTACATCCGGGA
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(R38A); {14) GCGGAATTCGCGCGATGGAGCAGACGTACG
{5’ mPax-1); (15) GCGGGATCCCCCGATGGCCCCGGGCAGG
(3" mPax-1); (16) GCGAGATCTAAACCTCGAGTTACCACC-
CCC (5' mPax-1); {17) GCGAAGCTTGTGGCTCTGTGAGA-
GGACAGC (3' mPax-1); (18) GCGGAATTCATAATTTGCG-
AGCGAAGCTGCC (5' mPax-3); (19) GCGGTCGACTCTC-
CCTTCCAGGAGGAACTAC (3’ mPax-3); (20) GTGGGATC-
CGGAGGCTGCCAACC (5' mPax-6); (21) CGCAAGCTTTA-
CTGTAATCGAGGCCAGT (3’ mPax-6).

In vitro mutagenesis of BSAP and Pax-1

Amino-terminal deletions were introduced into the BSAP
paired domain by PCR cloning using 5’ primers containing the
translation initiation codon (GCGAAGCTTCGACCATGGG)
linked to the next 7 codons downstream of the amino-terminal
breakpoint in the human BSAP sequence (see Fig. 6). Likewise,
carboxy-terminal deletions of the paired domain were generated
with 3’ primers containing the last 7 codons of the human BSAP
sequence upstream of the deletion point linked in-frame to a
stop codon {ATTCGAAGCG; noncoding strand). Single point
mutations were introduced into the BSAP paired domain by
oligonucleotide-directed mutagenesis according to the PCR-
based method of Merino et al. {1992). Oligonucleotides 11, 12,
and 13 were used as PCR primers to introduce the amino acid
substitution G30S, P32L, and R38A into human BSAP cDNA,
respectively. The chimeric Pax1/BSAP construct was generated
by replacing the EcoRI-BamHI fragment of the amino-terminal
BSAP sequence with a PCR fragment that was obtained from
mouse Pax-1 ¢cDNA (Adams et al. 1992) with the primer pair
14/15 and that thus contains codons 1-73 of Pax-1. Oligonucle-
otides 16 and 17 were used to amplify a Bg/lI-HindIll fragment
that consists of mouse Pax-1 sequence from codon 74 to the
carboxyl terminus. This PCR fragment was used to replace the
corresponding BamHI-HindIll fragment of BSAP ¢cDNA in the
chimeric BSAP/Pax1 construct. All PCR clones were verified by
DNA sequencing,.

PCR cloning of Pax-3 and Pax-6 cDNA

Poly(A)" RNA isolated from E10.5 mouse embryos was tran-
scribed into cDNA by Moloney murine leukemia virus reverse
transcriptase (SuperScript; BRL), and 100 ng of these transcripts
was used for PCR amplification of Pax-3 and Pax-6 cDNA with
the oligonucleotide pairs 18/19 and 20/21, respectively. The
Pax-3 cDNA was cloned as an EcoRI-Sall fragment and the
Pax-6 cDNA as a BamHI-HindIll fragment into the expresson
vector pKW10 (Adams et al. 1992). The paired domain se-
quences of both cDNA clones were checked by DNA sequenc-
ing.

In vitro transcription and translation

The different BSAP cDNAs were cloned in the sense orientation
downstream of the SP6 promoter of the expression vector
pKW10. These templates were linearized with appropriate en-
zymes and transcribed in vitro into RNA using SP6 RNA poly-
merase and the cap analog 7mGpppG (Pharmacia). In vitro
translation was carried out at 30°C for 40 min in a total volume
of 50 ul containing 20 pM amino acids minus cysteine, 120 pCi
of [3°S|cysteine (1100 pCi/mmole), 2 pg of RNA, 40 units of
RNasin, and 35 ul of nuclease-treated rabbit reticulocyte lysate
(Promega). Protein products were analyzed by electrophoresis
on SDS—polyacrylamide gels and quantitated on a Phosphorlm-
ager.
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Pax protein expression in COP-8 cells

The different Pax cDNAs were inserted downstream of the cy-
tomegalovirus (CMV) enhancer—promoter region of the expres-
sion vector pKW10 and transiently transfected into COP-8 cells
by the DEAE—dextran method, followed by the preparation of
whole cell extracts as described (Adams et al. 1992).

EMSA and methylation interference analysis

Complementary oligonucleotides were annealed and 3’ end-la-
beled with Klenow DNA polymerase and [o-3?P]dCTP. One
fmole of labeled DNA probe was incubated together with in
vitro-translated BSAP peptide (1-5 pl of the translation reac-
tion) at room temperature in 20 pl of a buffer containing 1 pg of
poly[d{I-C)], 10 mm HEPES (pH 7.9}, 100 mm KCl, 4% Ficoll, 1
mM EDTA, and 1 mm DTT. Protein-DNA complexes were an-
alyzed on a native 6% polyacrylamide gel (in 0.25% TBE) and
subsequently quantitated on a Phosphorlmager (Molecular Dy-
namics). Methylation interference analysis was carried out as
described (Barberis et al. 1989).
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