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Vertebrate Pax proteins share a conserved 128-amino-acid DNA-binding motif, the paired domain. The PAX6 
gene, which is mutated in the routine Small eye and human aniridia developmental defects, also encodes a 
second protein with a 14-amino-acid insertion in the paired domain. This protein, which arises by alternative 
mRNA splicing, exhibits unique DNA-binding properties. Unlike other paired domains, which bind DNA 
predominantly by their amino termini, the extended Pax6 paired domain interacts with DNA exclusively 
through its carboxyl terminus. This property can be simulated by deletion of 30 amino-terminal residues from 
the Pax6 or Pax2 paired domains. Thus, the insertion acts as a molecular toggle to unmask the DNA-binding 
potential of the carboxyl terminus. The functional nonequivalence of the two Pax6 proteins is underscored by 
a T ~ C mutation at position - 3  of the alternative splice acceptor site that changes the ratio of the two 
isoforms and causes a distinct human ocular syndrome. 
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Transcription factors responsible for embryonic pattern- 
ing and tissue differentiation regulate the expression of 
target genes by specific DNA sequence recognition. In 
large part, their unique functional and DNA-binding 
characteristics have evolved through the modular assem- 
bly of conserved domains (Kessel and Gruss 1990}. These 
domains define classes of transcription factors, such as 
the basic leucine zipper (bZIPJ, basic helix-loop-helix 
(bHLH), zinc finger, and homeo box families. Mecha- 
nisms that refine DNA-binding specificity within these 
families are of particular interest, as they generate target 
gene diversity. 

The Pax {paired boxJ family of developmentally regu- 
lated transcription factors share an amino-terminal 
DNA-binding motif known as the paired domain {for re- 
view, see Chalepakis et al. 1992}. This domain consists 
of 128 amino acids and has been identified in a number 
of metazoan species, including Drosophila and humans 
(Noll 1993). The nine mammalian Pax genes are divided 
into four groups on the basis of their amino acid se- 
quence, intron-exon boundaries, and the presence of 
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other conserved motifs (Walther et al. 1991; Wallin et al. 
1993}. The paired domain is predicted to contain at least 
three et-helical regions (Bopp et al. 1989) and circular 
dichroism spectral data suggest that a stable conforma- 
tion with a-helical characteristics is adopted upon spe- 
cific DNA binding {Epstein et al. 1994}. Within the 
paired domain, an evolutionary discontinuity divides the 
relatively conserved 74-amino acid amino terminus from 
the more divergent 54-amino-acid carboxyl terminus and 
coincides with an exon boundary (Walther et al. 1991}. 

The PAX6 gene is mutated in Small eye mice {Hill et 
al. 1991} and humans with the congenital eye disease 
aniridia (Ton et al. 1991; Glaser et al. 1994b). Because 
these phenotypes are semidominant and the mutations 
cause a loss of function, the Pax6 proteins appear to con- 
trol rate-limiting steps in eye development. The PAX6 
gene spans 22 kb, is divided into 14 exons, and encodes a 
422-amino-acid protein that is identical in humans and 
mice. In addition to the paired domain, Pax6 contains a 
homeo domain and a carboxy-terminal region capable of 
activating transcription (Glaser et al. 1994a). The paired 
domain {amino acids 3-130} is encoded by exons 5-7. An 
altematively spliced exon (exon 5a) has been identified 
in several vertebrate PAX6 genes and is included variably 
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in the mature mRNA transcript, resulting in the inser- 
tion of a 14-amino-acid peptide in the paired domain 
after Gln47 (Walther and Gruss 1991; Glaser et al. 1992; 
Puschel et al. 1992). Both splice products are expressed in 
the developing eye, brain, spinal cord, and olfactory ep- 
ithelium, with the exon 5a-containing transcripts at 
slightly lower levels (Ton et al. 1991; Walther and Gruss 
1991; T. Glaser and R.L. Maas, unpubl.). 

We have identified previously a high-affinity binding 
site for the Pax6 paired domain using an in vitro-binding 
site selection (Epstein et al. 1994). A similar sequence 
has been identified by stepwise replacement of positions 
in a potential genomic DNA-binding site for Pax5 (Cz- 
erny et al. 1993). Although Pax6 and Pax5 (Barberis et al. 
1990; Czerny et al. 1993; Kozmik et al. 1993; Plaza et al. 
1993) bind related DNA sequences such that up to 28 bp 
are protected from DNase I digestion, other paired do- 
mains exhibit different DNA-binding characteristics. 
The Drosophila Paired protein recognizes the e5 se- 
quence located in the promoter region of the even- 
skipped gene. In this case, the paired domain footprints 
only 15 bp and deletion of the carboxyl terminus has no 
effect on e5 binding (Treisman et al. 1991). In contrast, 
the Paxl paired domain contacts modified e5 sequences 
along a 24-bp distance, with the amino-terminal portion 
responsible for sequence specificity and the carboxy-ter- 
minal portion required for high-affinity binding or sta- 
bility of the protein-DNA complex (Chalepakis et al. 
1991). The Pax8 paired domain recognizes sequences 
within the promotor regions of two thyroid-specific 
genes that are not obviously related to e5 and footprints 
-15  bp at each site (Zannini et al. 1992). Pax5 appears to 
contact DNA in a bipartite manner in which both re- 
gions of contact contribute to the overall affinity of bind- 
ing (Czerny et al. 1993). Together, these results suggest 
that the amino terminus of the paired domain is required 
for specific DNA recognition. However, the role of the 
carboxyl terminus is unclear, and the function of the 5a 
insertion in Pax6 is unknown. 

In this report we describe unique properties of the al- 
ternatively spliced form of Pax6, which have allowed us 
to examine the DNA-binding characteristics of the 
paired domain in detail. We demonstrate that (1) the 
paired domain functions as two discrete subdomains 
with distinct binding specificities, (2) insertion of the 5a 
peptide into the amino-terminal subdomain enables the 
carboxy-terminal subdomain to recognize its binding 
site, and {3) this binding is an important determinant of 
transcriptional activity. Finally, we describe a human 
PAX6 mutation that changes the ratio of the alterna- 
tively spliced forms and causes an unusal eye phenotype, 
indicating that the two Pax6 paired domains function 
differently during embryogenesis. 

tients with aniridia and related ocular disorders for point 
mutations in exon 5a and flanking genomic DNA. Het- 
eroduplex and single-strand conformational analysis re- 
vealed a single-base substitution in one family (Bh) with 
a distinct clinical phenotype (Fig. 1). The disease affects 
a mother and daughter with bilateral juvenile cataracts, 
peripheral corneal opacification, glaucoma, and pendular 
nystagmus, an unsteady oscillating gaze attributed to a 
congenital sensory deficiency (see Materials and meth- 
ods). However, in contrast to the typical manifestations 
of aniridia, such as iris aplasia or severe hypoplasia (Nel- 
son et al. 1984), the irides in these two patients were 
relatively intact, the pupils were round, and the maculas, 
the central region of the retinas with the greatest density 
of photoreceptors, appeared normal. Abnormalities were 
noted in the anterior aspect of the iris derived from neu- 
ral crest, including small radial defects, decreased vascu- 
lature and crypt density, and thinning of the iris stroma. 
The posterior pigmented iris layer derived from neural 
ectoderm was essentially normal. 

The Bh family mutation is a T--~ C transition at po- 
sition - 3  in the exon 5a splice acceptor (Fig. 2A). The 
mutation appeared as a de novo change in the mother's 
DNA and creates an MaeIII restriction site, which was 
used to follow its transmission in the pedigree. The mu- 
tation is present only in the mother and daughter, cor- 
relating completely with the ocular phenotype, and was 
not observed in any of >50 unrelated DNA samples. 

To determine the effect of the Bh mutation, we com- 
pared mutant  and wild-type genomic fragments in an in 
vivo splicing assay (Fig. 2B). Transcripts containing ex- 

R e s u l t s  

A splice acceptor muta t ion  in exon 5a 

To investigate the biological function of the extended 
Pax6 paired domain, we tested DNA samples from pa- 

Figure 1. Ocular phenotype in family Bh. Anterior segment 
photograph of the daughter (right eye). The pupil is displaced 
nasally (corectopia) and an iris stromal defect is visible (arrow). 
The cornea is opacified by pannus formation at the superior 
margin. A surgical iridectomy is present superiorly. The left eye 
has similar findings. 
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Figure 2. Mutational analysis of PAX6 in family Bh. (A} Exon 5a splice acceptor mutation. (Top) MaeIII digest of radiolabeled PCR 
products spanning exon 5a. These products were amplified from genomic DNA of indicated family members and pSPL1 plasmid clones 
containing mutant or wild-type sequences. (DO) Normal; (ll@) affected. (Bottom) Genomic map of PAX6, showing the 5' end of exon 
5a and the T--~ C mutation at position -3.  Coding regions are shaded. A consensus splice acceptor site (Senapathy et al. 1990) is 
aligned above for comparison. The mutation creates an MaeIII restriction site, which divides the 236-bp PCR product into 109- and 
127-bp fragments. The sequence shown is identical to mouse (data not shown) and quail (Dozier et al. 1993) PAX6 genomic DNA. The 
bracket indicates the genomic fragment used in the in vivo splicing assay. {B) The Bh mutation significantly increases the use of 
alternative exon 5a. (Top left) In vivo splicing assay. COS7 cells were transfected with expression plasmids containing mutant or 
wild-type (wt) PAX6 genomic sequences, no DNA (mock}, or pSPL1 DNA alone (vector}. The relative expression of the two PAX6 
transcripts was assessed by RT PCR analysis. The addition or omission of RT enzyme from these reactions is indicated above the lanes. 
(Bottom) Schematic representation of PCR products detected in the in vivo splicing assay. (Solid bar) PAX6; (stippled bar} HWtat 
sequences. The upstream primer is located in exon 5 and the downstream primer spans the tat-exon 6 junction. (Top right) RT PCR 
of PAX6 transcripts in lymphoblasts derived from two healthy individuals and a heterozygous patient with the Bh mutation. The 
primers are located in exons 3 and 6. Fragment sizes are indicated in bp. 

ons 5 and 6 were specifically amplif ied from transfected 
COS7 cells, and the relative abundance of exon 5a-con- 
taining products was assessed. The wild-type allele gen- 
erates both expected splice forms, wi th  an excess of the 
359-bp product lacking exon 5a. The ratio is s imilar  to 
that observed for PAX6 transcripts in fetal brain and eye 
(data not shown). In comparison, the single-base-pair Bh 
muta t ion  favors the use of the exon 5a splice acceptor, 
causing a marked increase in the abundance of the 401- 
bp product. Qual i ta t ively s imilar  results were obtained 
in other cell l ines (data not shown). This  increase was 
also reflected in the ratio of endogenous PAX6 tran- 
scripts in lymphoblasts  derived from the affected 
mother,  who is heterozygous (Fig. 2B, lane Bh). Assum- 
ing the overall level of PAX6 gene expression is not af- 
fected in these patients, the muta t ion  is expected to in- 
crease the amount  of the alternative Pax6 protein (Pax6- 
5a) and decrease the amount  of the shorter form (Pax6). 

Identif ication of a high-aff inity DNA-binding 
sequence for Pd-5a 

The two Pax6 paired domains (denoted Pd and Pd-Sa) 

were expressed in Escherichia coli as glutathione 
S-transferase (GST) fusion proteins, and their DNA-bind- 
ing characteristics were examined in an electrophoretic 
mobi l i ty  shift assay {EMSA). The extended paired do- 
main  (Pd-Sa) does not bind P6CON (Fig. 3A), which  is 
the consensus sequence identified previously using the 
shorter Pax6 paired domain, Pd (Epstein et al. 1994). Pd- 
5a also does not bind other paired domain recognition 
sites, including e5 and modified e5 (PRS4) sequences 
(data not shown), even under low stringency conditions; 
therefore, we performed a DNA-binding site selection 
wi th  Pd-5a protein under the same conditions used to 
select P6CON. Similar results were obtained wi th  olig- 
onucleotide pools containing a core of 25 or 35 random 
positions (see Materials and methods). After n ine  rounds 
of selection using oligonucleotides containing 35 ran- 
dom positions, 75% (18/24) of the selected oligonucle- 
otides contained a 22-bp consensus sequence (Fig. 3A) 
wi th  no more than two mismatches .  This  sequence (de- 
noted 5aCON) binds more t ightly to Pd-Sa by EMSA 
than any other sequence tested and was therefore chosen 
as an appropriate binding site for molecular  analysis of 
the extended paired domain. 
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Figure 3. The 5a insertion alters DNA sequence recognition by the Pax6 paired domain. (A) EMSA experiment showing the binding 
of GST-Pd and GST-Pd-Sa fusion proteins (0.5 ~M) to oligonucleotide probes identified by PCR selection. Pd binds its consensus 
sequence (P6CON), whereas Pd-Sa does not. Both paired domains bind 5aCON, although the affinity and the ratio of faster (C1) to 
slower (C2) migrating complexes are different. 5aCON was selected with Pd-5a and contains two copies of an imperfect 11-bp direct 
repeat. Pd does not bind half-site probe 5aCON(1/2), whereas Pd-5a forms a single complex. (B) CAT assays. P19 cells were transfected 
with the indicated CAT reporter and pCMVPax expression plasmids. Pax6 stimulates CAT expression from a reporter containing six 
copies of P6CON, but Pax6-5a does not. All three Pax proteins trans-activate from a reporter containing two copies of the 5aCON- 
binding site. Pax6-5a, but not Pax6 or Pax2, trans-activates from a reporter containing six individual 5aCON half-sites. The control 
represents the pGsECAT vector with no Pax-binding sites, pCMV represents the expression vector alone with no Pax-coding se- 
quences. 

5aCON contains two copies of an imperfect 11-bp di- 
rect repeat and has no significant homology to P6CON. 
It forms several complexes when incubated with Pd-5a 
protein (Fig. 3A), indicating that one, two, or more pro- 
tein molecules can bind the DNA probe. Bands repre- 
senting higher order complexes predominate even under 
conditions where DNA is in excess. The Pd protein also 
binds the 5aCON probe, although the pattern of shifted 
bands is different (Fig. 3A), and there is no such prefer- 
ence for higher order complexes, although a low inten- 
sity second band is sometimes observed at high protein 
concentrations (see Fig. 6B, below). The formation of 
DNA-protein complexes is not affected by the GST moi- 
ety, as Pd and Pd-5a proteins containing an amino-ter- 
minal polyhistidine tail instead of GST give identical 
patterns of shifted complexes in EMSA experiments 
(data not shown). 

To compare the protein-DNA ratios directly within 
the complexes formed upon Pd-5a binding to 5aCON, we 

performed double-label experiments in which Pd-5a was 
expressed as a GST fusion protein with a single cAMP- 
dependent protein kinase phosphorylation site. This pro- 
tein, in EMSA with 5aCON, gave an identical pattern of 
shifted complexes to the fusion protein lacking the phos- 
phorylation site (data not shown). After phosphorylation 
with [7-32p]ATP, the protein was incubated with 5aCON 
end-labeled with [7-33p]ATP. The relative protein to 
DNA content of shifted complex C2 compared with C 1 
was 1.95+0.14 (mean +s.E.), suggesting that C2 is a 
dimer of Pd-5a binding to 5aCON. Previous studies of Pd 
binding to P6CON (Epstein et al. 1994) suggest that C1 
likely represents monomeric binding. For technical rea- 
sons (see Materials and methods) the protein/DNA ratio 
for the most slowly migrating Pd-5a/5aCON complex 
seen in Figure 3A could not be determined. 

An equilibrium dissociation constant (Ka) was esti- 
mated for binding of both paired domain forms to the 
5aCON probe by performing EMSA reactions with a 
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fixed, limiting amount of DNA in the absence of non- 
specific DNA competitor (data not shown). We obtained 
Kd values of 5.5x 10 -9 M for Pd and 3x 10 -9 M for Pd-5a. 
These values are comparable to the Kd observed for bind- 
ing of Pd to P6CON {2.5x10 -9 M)(Epstein et al. 1994), 
and represent an upper limit, as they were calculated 
assuming bimolecular, monomeric binding reactions 
with 5aCON (Fried 1989). 

Pax6 activates transcription upon binding 5aCON 

To assess the functional significance of the 5aCON con- 
sensus, we tested the ability of full-length Pax6 and 
Pax6-5a proteins to activate transcription from this se- 
quence in vivo, in comparison with murine Pax2, which 
has been shown to activate transcription in routine P19 
embryo carcinoma cells (Fickenscher et al. 1993). We 
cotransfected P19 cells with Pax6, Pax6-5a, or Pax2 ex- 
pression plasmids and a reporter plasmid in which the 
chloramphenicol acetyltransferase (CAT) gene was 
placed downstream of a minimal Elb promoter and two 
to six copies of the P6GON- or 5aCON-binding sites. We 
also tested a reporter containing six 5aCON half-sites, 
each separated by 6--14 bp (see Materials and methods). 
The Pax6-5a protein efficiently stimulates CAT expres- 
sion when 5aCON is present, whereas Pax6 is effective 
when either P6CON or 5aCON is present (Fig. 3B). Tran- 
scriptional activation correlates with the in vitro abilty 
of the Pax6 paired domain, but not Pd-5a, to bind 
P6CON (Fig. 3A). Pax2 also stimulates CAT expression 
from P6CON, but to a lesser extent than Pax6, in accord 
with its lower affinity for this site (Epstein et al. 1994). 
Thus, this activation is independent of the presence of a 
homeo domain, as Pax2 lacks a homeo domain. In accord 
with DNA-binding data, Pax6-5a can activate transcrip- 
tion from separated 5aCON half-sites [SaCON(1/2) in 
Fig. 3B] whereas Pax6 and Pax2 cannot. 

Pd-5a binds to adjacent half-sites 

The tendency of Pd-5a to form higher order complexes 
upon binding 5aCON suggests that individual protein 
molecules bind to each of the two predicted half-sites of 
the direct repeat composing 5aCON. Pd-5a binds a probe 
containing one copy of this 11-bp half-site [SaCON( 1/2)], 
yielding a single band in EMSA experiments (Fig. 3A). 
This probe is not bound by the Pd protein, indicating 
that the two forms of the Pax6 paired domain bind 
5aCON by different mechanisms. 

Methylation interference assays were performed to 
identify specific nucleotides contacted by Pd and Pd-5a 
proteins in each complex. The residues contacted by Pd- 
5a in the faster migrating complex (C1) cluster predom- 
inantly around the right-hand half-site, whereras resi- 
dues contacted in the more slowly migrating complex 
(C2} span the entire length of the direct repeat (Fig. 4E). 
The two half-sites are not identical; therefore, differ- 
ences in sequence may account for the preference for the 
right-hand half-site. The Pd-Sa protein, therefore, binds 
5aCON by recognizing one of the two half-sites prefer- 
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entially and subsequently occupying the second half- 
site. In contrast, the interference pattern for Pd reveals 
contacts along the entire length of the direct repeat in 
5aCON, although the migration of the Pd/5aCON com- 
plex in the EMSA suggests that only one protein mole- 
cule is bound. 

DNase I footprinting experiments are also consistent 
with Pd-5a binding to 5aCON by consecutively filling 
individual half-sites, whereas Pd recognizes 5aCON as 
one long binding site (Fig. 4A, E}. The Pd-5a domain pro- 
tects -33  bp of 5aCON from DNase I digestion but only 
18 bp of the 5aCON(1/2)half-site probe {Fig. 4C). When 
Pd binds 5aCON, -28  bp is protected, as was shown 
previously for Pd binding to P6CON (Epstein et al. 1994}. 
Pd-5a consistently protected a slightly longer sequence 
from DNase I digestion, as compared with Pd, when in- 
cubated with 5aCON (Fig. 4A). 

We tested the importance of the relative position of 
the two half-sites with respect to each other by synthe- 
sizing DNA probes with two (5aCON+2J or four 
(5aCON+4J A-T base pairs inserted between the half- 
sites of 5aCON. Pd-5a binding and the formation of 
higher order complexes is reduced as the distance be- 
tween half-sites is increased (Fig. 5). The effect of the 
separation on higher order complex formation can best 
be appreciated by comparing lanes 2, 7 and 12, in which 
Pd-5a protein forms approximately equal amounts of C2 
complex with each of the three probes, respectively. As 
the half-sites are separated, the relative amount of probe 
in the C1 complex, and the ratio of C1 to C2, increases. 
The 2- and 4- nucleotide insertions not only physically 
separate the two half-sites from each other but change 
progressively their rotational relationship in the DNA 
helix. Pd also binds very poorly to the 5aCON + 4 probe 
(Fig. 6C}. 

Different protein subdomains determine unique 
DNA-binding characteristics of Pd and Pd-5a 

To define the parts of each paired domain that are re- 
quired for binding DNA, we prepared a set of Pd and 
Pd-5a proteins with amino- or carboxy-terminal dele- 
tions and tested their ability to bind P6CON and 5aCON 
by EMSA (Fig. 6). Deletion of the amino-terminal 23 
amino acids from Pd abolishes binding to P6CON, 
whereas deletion of the carboxy-termina133 amino acids 
decreases binding to P6CON only slightly and reduces 
the DNase I footprint from 28 to 16 bp {Fig. 6A). This 
16-bp footprint of the amino-terminal subdomain con- 
tains the region of homology among several paired do- 
main binding sites {Czemy et al. 1993; Epstein et al. 
1994}. We conclude that the amino subdomain deter- 
mines the majority of Pd-DNA-binding affinity, whereas 
the carboxyl subdomain makes less important contacts 
with adjacent nucleotides. 

Binding of Pd and Pd-5a to 5aCON requires the car- 
boxy-terminal subdomain. Deletion of the carboxy-ter- 
mina133 amino acids from Pd or Pd-5a abolishes 5aCON 
binding (Fig. 6B). In contrast, amino-terminal deletions 
of Pd confer the ability to bind 5aCON, form higher or- 
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Figure 4. The two Pax6 paired domains recognize 5aCON by 
different mechanisms. (A) DNase I footprint analysis. Approxi- 
mately 28 bp of the 5aCON sequence is protected by Pd protein, 
and a 33-bp region is protected by Pd-5a protein. The reverse 
strand is shown, labeled at its 3' end. The visible band at the 
upper extent of the footprint of 5aCON with Pd-5a was reproduc- 
ibly less intense than the corresponding band in control or Pd 
lanes, whereas other subtle differences between the footprints 
were not reproducible. (B) Methylation interference analysis. 
5aCON probes were labeled at their 5' ends and modified with 
dimethylsulfate (DMS) or hydrazine (Hyd). (C) DNA-protein 
complex; (F) free probe; (T) total probe. The rapidly (C1) and 
slowly (C2) migrating complexes formed with Pd-Sa were ana- 
lyzed separately. The indicated residues correspond to numbered 
positions in E. In complex C1, contacts are clustered in the right- 
hand half-site of 5aCON. In complex C2, contacts are formed 
with both half-sites. (C) DNase I footprint of Pd-5a binding to 
half-site probe 5aCON(1/2). An 18-bp segment is protected. (D) 
Methylation interference of Pd-Sa binding to 5aCON{1/2). (E) 
Summary of footprint and interference data. The protein and 
probe in each complex is indicated. The numbers refer to the 
22-bp 5aCON consensus sequence. Dark lines indicate regions of 
the reverse strand protected from DNase I digestion. (T) Residues 
where methylation interferes with protein binding; (A), bottom) 
an augmentation of binding when this thymidine is modified by 
hydrazine. 

der complexes, and recognize 5aCON + 4 (Fig. 6C), prop- 
erties that are characteristic of Pd-5a. We conclude that 
the 5a peptide does not participate directly in half-site 
recognition or coordinate binding to adjacent half-sites 
but functions by inactivating the amino-terminal por- 
tion of the paired domain, thus exposing the latent 
DNA-binding potential of the carboxyl subdomain. 

In accord with these observations, we found that 
amino-terminal deletions of the Pax2 and Pax3 paired 
domains also abolish binding to P6CON and enhance 

high order complex formation of the Pax2 paired domain 
with 5aCON (Fig. 6C). The Pax3 paired domain differs 
significantly from Pax6 in the carboxy-terminal region 
(Walther et al. 1991)and does not bind 5aCON. 

Discussion 

Our findings provide evidence for two autonomous but 
interacting subdomains that reside in the amino- and 
carboxy- terminal  por t ions  of the  paired domain .  Th i s  
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Figure 5. Relative spacing of adjacent half-sites in 5aCON af- 
fects Pd-5a binding. As the concentration of Pd-5a is increased, 
the formation of slowly migrating DNA-protein complexes 
(C2) is enhanced. If two {SaCON + 2) or four (SaCON + 4} A-T 
base pairs are inserted between the half-sites, formation of the 
more slowly migrating complex is diminished. The formation of 
monomeric complexes is also reduced, but to a lesser extent. 

model extends previous DNA-binding studies that sug- 
gested a bipartite nature of Pax5 binding to some B-cell 
lineage-specific activator protein-binding sites (Czerny 
et al. 1993). It is also consistent with the evolutionary 
discontinuity among paired domains at residue 74 
(Walther et al. 1991) and the presence of DNA-binding 
elements on both sides, including a potential helix- 
turn-helix (HTH) motif in the relatively divergent car- 
boxyl terminus, at positions 80-106 (Bopp et al. 1989). 

Dual mechanisms for DNA binding by alternative 
Pax6 paired domains 

On the basis of our results, we propose a model in which 
the two subdomains of the Pax6 paired domain can bind 
independently to unique recognition sequences, or inter- 
act to bind a single extended site (Fig. 7). The amino 
subdomain of Pd is shown binding to the P6CON se- 
quence, whereas the carboxyl subdomain contacts adja- 
cent nucleotides and is unable to bind to P6CON inde- 
pendently. The amino subdomains of Pax2 and Pax3 rec- 
ognize this site in a similar fashion. Insertion of the 5a 
peptide in Pax6 disrupts or refolds the amino subdomain, 
preventing Pd-5a from binding P6CON. 

Pd does not recognize 5aCON(1/2) either because the 
DNA-binding surface of the carboxyl subdomain is 
shielded by the amino subdomain, as shown in the 
model, or because the carboxyl subdomain is folded into 
a different structure. Disruption of the amino subdomain 
in Pd-Sa or deletion of the amino terminus from Pd al- 
lows the carboxyl subdomain to recognize an isolated 
half-site. 

When the two half-sites are juxtaposed in 5aCON, Pd 
contacts DNA with both subdomains; the carboxyl sub- 
domain is absolutely required for this binding and a sin- 

gle Pd molecule can footprint both half-sites. There is no 
extended homology between P6CON and 5aCON. Al- 
though both P6CON and 5aCON probes used in our 
study contain a GTTC, a different subdomain recognizes 
this motif in each case. Pd-5a recognizes 5aCON with 
the carboxyl subdomain only and occupies the direct re- 
peats as two protein molecules. Because each half-site is 
composed of 11 bp, or about one turn of the double helix, 
both molecules should dock on the same side of the dou- 
ble helix, perhaps contacting adjacent major grooves. 
This arrangement, with the potential for protein-protein 
interactions, is consistent with the observed cooperativ- 
ity of binding, although it is also possible that an induced 
change in the DNA conformation favors binding of ad- 
ditional Pd-5a molecules. 

Our model suggests an overall similarity between the 
paired domain and the POU bipartite DNA-binding do- 
main, which consists of amino-terminal POUs and car- 
b o x y - t e r m i n a l  POUHD subdomains connected by a flex- 
ible tether of 15-27 amino acids {Klemm et al. 1994). 
Unlike the Pax6 paired domain, neither POU subdomain 
is capable of independent high affinity binding (Verrijzer 
et al. 1992). 

Alternative splicing changes the population of se- 
quences recognized by the paired domain, potentially al- 
lowing Pax6-Sa to regulate an expanded or restricted set 
of genes in comparison to Pax6. Although we do not 
know whether half-sites or tandem repeat 5aCON-like 
sequences are used in nature, it is clear that some DNA 
sequences are recognized by both forms of Pax6, whereas 
others are recognized specifically by one form only. The 
use of variously oriented half and full DNA-binding sites 
has been demonstrated in nature among members of the 
nuclear hormone receptor superfamily, which can bind 
DNA as monomers or dimers (N/i/Jr et al. 1991; Ume- 
sono et al. 1991; Kato et al. 1992; Parker 1993). 

An alternative splicing mutation in PAX6 causes 
a distinct ocular phenotype 

The importance of the disparate DNA-binding properties 
of the alternative paired domains is underscored by our 
finding of a PAX6 mutation that disturbs the ratio of the 
two splice products and causes an ocular phenotype. The 
T ~ C mutation at position - 3  of the exon 5a splice 
acceptor is unusual in that it increases splicing effi- 
ciency significantly. Although not absolutely essential 
(Fu et al. 1988}, the presence of a pyrimidine at position 
- 3  is thought to be important for effective interaction 
between the splice acceptor site of the pre-mRNA and 
small nuclear ribonucleoproteins {snRNPs} U 1 and U5 of 
the spliceosome (Green 1991; Guthrie 1991}. In a survey 
of 3724 splice acceptor sites, cytosine was found 3.5 
times more frequently than thymidine at this position 
{75% vs. 21%; Senapathy et al. 1990}, suggesting that 
cytosine may be enzymatically preferred. In the model 
proposed by Steitz {1992), the conserved AG dinucleotide 
of the splice acceptor site pairs with the C9Ulo dinucle- 
otide in the 5' tail of U1 snRNA during assembly of the 
mammalian spliceosome. In this configuration, the cy- 
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Figure 6. Paired domain DNA binding is mediated by two distinct subdomains. (A) DNase I footprint of a Pd-selected sequence 
(related to P6CON; see Epstein et al. 1994). The 5' end of the forward strand was radiolabeled. The Pd protein protects a 28-bp segment. 
Deletion of 33 (PdAC1) or 48 (PdAC2) amino acids from the carboxyl terminus of Pd reduces the footprint to 16 bp. The 5' boundary 
of the footprint is unchanged. (B) EMSA analysis of paired domains with carboxy-terminal deletions. Both carboxy-terminal deletions 
prevent binding of Pd and Pd-5a to 5aCON but do not prevent binding of Pd to P6CON. Pd-5a does not bind P6CON. (C) EMSA analysis 
of paired domains with amino-terminal deletions. Deletion of 24 (Pd&N1) or 34 (PdaN2} amino acids from the amino terminus of Pd 
prevents binding to P6CON. The Pax2 and Pax3 paired domains also bind P6CON and deletion of 30 amino acids from the amino 
terminus of each prevents binding. Amino-terminal deletions of Pd promote the formation of higher order complexes with 5aCON, 
similar to the pattern observed for Pd-5a binding to 5aCON. Likewise, Pax-2Pd binds 5aCON and Pax-2PdAN binds 5aCON forming 
high order complexes, whereas Pax-3Pd and Pax-3Pd&N do not bind this sequence. Amino-terminal deletions enable Pd to bind a 
half-site probe 5aCON( 1/2) and probe 5aCON + 4, in which the two half-sites are separated by 4 bp. (D) Summary showing Pax6 paired 
domain deletion constructs and DNA-binding data. Relative binding to P6CON and 5aCON is indicated at right. Amino acids are 
numbered starting from the initiation methionine. The paired domain extends from amino acid 3 to 130. The solid bar indicates a 
16-amino-acid segment that is highly conserved among paired domains. Open bars indicate ~-helical regions predicted from primary 
sequence data (Bopp et al. 1989). The 5a peptide is inserted after amino acid 47. 

tosine at position - 3  is aligned with  Gll  of the U1 sn- 
RNA. If pairing of these complementary  bases also oc- 
curs, it could increase splicing efficiency and explain the 
effect of the Bh mutat ion.  The few human  mutat ions  
reported in splice acceptors at position - 3  introduce pu- 
fines at this position, and all appear to decrease splicing 
efficiency (Krawczak et al. 1992}. A 195-bp fragment en- 
compassing exon 5a is 97.0% identical in h u m a n  and 
mouse genomic D N A  (data not shown), and the T at 
position - 3  is invariant  among quail (Dozier et al. 1993), 
human,  and mouse  PAX6 genes. The exact sequence of 
the acceptor site, in particular the pyrimidine at position 
- 3 ,  therefore plays an important  role in modulat ing the 
relative expression of the two paired domain forms. 

Mammal ian  ocular and central nervous system devel- 

opment  is exquisitely sensitive to PAX6 gene dosage. 
Mutant  phenotypes range from anophthalmia  with  pro- 
found olfactory and brain malformat ions  in PAX6 ho- 
mozygotes (Schmahl et al. 1993; Glaser et al. 1994a) to 
relatively mild findings in the present case. Aniridia is 
caused by heterozygous null  mutat ions,  either cytoge- 
netic deletions of 1 lp13 in individuals wi th  the WAGR 
syndrome (Wilms tumor, aniridia, genitourinary anom- 
alies, menta l  re tardat ion)(Ton et al. 1991)or intragenic 
nonsense or frameshift  muta t ions  (Glaser et al. 1994b). 
In both groups of patients, the phenotype is character- 
ized by severe hypoplasia of the iris, wi th  anterior seg- 
ment  and retinal defects (Nelson et al. 1984). All muta-  
tions described thus far are predicted to affect both Pax6 
and Pax6-5a transcripts (Glaser et al. 1994b). The Bh mu- 
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Figure 7. A model for DNA binding by the two alternative 
Pax6 paired domains. The paired domain is shown consisting of 
amino and carboxyl subdomains. The Pd protein is folded so 
that the amino subdomain binds its preferred sequence, 
P6CON. The carboxyl subdomain makes limited contacts with 
P6CON but is shielded partially from or conformationally in- 
capable of binding its preferred sequence, 5aCON(1/2). Inser- 
tion of the 5a peptide deforms the amino subdomain, preventing 
it from binding DNA and exposing the independent binding 
capability of the carboxyl subdomain. This conformational 
change allows the carboxyl subdomain to bind 5aCON( 1/2), and 
promotes binding of Pd-Sa molecules to adjacent half-sites in 
5aCON. 

tation causes a distinct ocular phenotype, with relative 
sparing of the fovea and iris tissue. This could arise from 
a deficiency of the shorter Pax6 protein, an excess of the 
Pax6-5a protein, or an altered ratio of the two isoforms. 
The latter mechanism has been implicated in the etiol- 
ogy of Denys-Drash syndrome, which is caused by mis- 
sense or alternative splicing mutations in the WT1 locus 
(Bruening et al. 1992). The Bh phenotype suggests that 
the two isoforms are not functionally interchangeable. In 
view of their radically different binding specificities, 
Pax6-Sa and Pax6 are likely to regulate different target 
genes and play distinct functional roles in eye develop- 
ment. 

The 5a insertion functions as a molecular toggle 

The exon 5a insertion has been conserved during verte- 
brate evolution, with only a single amino acid substitu- 
tion distinguishing human, mouse, quail, axolotl, and 
zebrafish 5a peptides (Glaser et al. 1994b). This implies 
that the 5a insertion itself has an important functional 
role. As indicated by amino-terminal deletion analysis, 
the 5a peptide is not required for dimerization upon 
DNA binding or recognition of the 5aCON site. Instead, 
we suggest it functions as a molecular toggle, preventing 
the amino subdomain from binding DNA and allowing 
the carboxyl terminus to bind. 

Structural studies of the Drosophila Paired protein re- 
veal the existence of a HTH motif in the amino subdo- 
main that is not predicted from the amino acid sequence 
(W. Xu, M. Rould, S. Jun, C. Desplan, and C. Pabo, un- 
publ.). The 5a insertion site is located at the end of the 
first a-helix of the HTH motif. There are several prece- 
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dents for variable length insertions into the turn region 
of the HTH motif (for review, see Brennan 1993; Klemm 
et al. 1994). Among these, the LFB1 homeo domain con- 
tains a 21-amino-acid insertion in the HTH turn region 
(Finney 1990), which extends the first helix by 8 residues 
and converts the turn into a flexible disordered loop 
(Ceska et al. 1993; Leiting et al. 1993). Because insertions 
in this region do not generally disturb DNA binding or 
the relative configuration of the a-helices, the turn re- 
gion has been viewed as relatively tolerant to the inser- 
tion of additional residues (Brennen 1993; Klemm et al. 
1994). The 5a insertion into the Pax6 paired domain is 
the first example of an insertion into the turn region of a 
HTH motif that destabilizes its ability to interact with 
DNA. Like the 21-residue insertion in LFB 1 (Bach et al. 
1992; Zapp et al. 1993), the 5a insertion occurs at an 
intron--exon boundary in genomic DNA, indicating that 
modification of the turn region may be an evolutionary 
strategy for modulating the DNA-binding properties of 
the HTH motif. 

A distinct evolutionary origin for the two paired sub- 
domains is supported by the structure of the Drosophila 
gene Lung which encodes a partial paired domain {Wil- 
son et al. 1993). Lune is homologous to other paired do- 
mains in the carboxy-terminal region but diverges 
within 5 amino acids of the 5a insertion site (S. Jun, B. 
Kalionis, and C. Desplan, unpubl.). Lune may represent 
the prototype of a class of DNA-binding proteins with 
homology to the carboxyl subdomain. 

On the basis of sequence comparisons, the mamma- 
lian Pax family is divided into four groups, consisting of 
Paxl/9, Pax4/6, Pax3/7, and Pax2/5/8 (Walther et al. 
1991; Noll 1993). Although the intron-exon boundary at 
which the 5a insertion occurs is restricted to the Pax4/6 
group, the interactive nature of the amino and carboxyl 
subdomains of the paired domain appears to be indepen- 
dent of the presence of the homeo domain as Pax2, 
which lacks a homeo domain, displays similar DNA- 
binding and functional characteristics as Pax6 in our ex- 
periments. Most Pax proteins are able to bind sequences 
that are recognized by the highly conserved amino sub- 
domain (Czemy et al. 1993; Epstein et al. 1994). Car- 
boxyl subdomain-binding specificity is less homoge- 
nous. Pax6 and Pax2, which share carboxy-terminal ho- 
mology (64.8% identity), bind 5aCON, whereas the more 
divergent Pax3 (55.5% identity with Pax6) does not bind 
5aCON. The carboxyl subdomain modifies the binding 
specificity of the paired domain and significantly affects 
functional activity. This may account for differences in 
target gene regulation among Pax gene products. 

M a t e r i a l s  and  m e t h o d s  

Patients 

Clinical records of both affected Bh family members were re- 
viewed and their eyes were examined carefully. The mother was 
first noted to have poor vision, pendular nystagmus, and cortical 
cataracts at age 2, at which time bilateral iridectomies and cat- 
aract surgery were performed. On examination at age 33, visual 
acuity was 20/200 in each eye with aphakic correction. The 
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gaze was unsteady and neither eye could fixate on objects for an 
extended period. The corneas were small, measuring 10 mm in 
horizontal diameter and were opacified at the superior and in- 
ferior margins by corneal pannus. The intraocular pressures 
were slightly elevated while receiving topical glaucoma medi- 
cation. A moderately broad iris leaf was present bilaterally with 
a surgical coloboma above in each eye. The optic discs showed 
evidence of glaucomatous cupping bilaterally. There was no 
macular abnormality. 

The daughter had poor vision through early childhood. Cata- 
racts were first reported at age 12, consisting of cortical equa- 
torial opacities and diffuse posterior pole opacities that pro- 
gressed during 3 years of observation. At age 13, the visual acu- 
ity was 20/80 (right) and 20/400 (left). After bilateral cataract 
extractions at age 16, unsteady pendular fixation persisted, sug- 
gesting a congenital sensory nystagmus. The corneas measured 
9.5 mm in horizontal diameter. Pannus defects extended 2 mm 
inward from the superior and inferior corneal margins and 
stained well with fluorescein. The pupils were round and di- 
lated normally, but were displaced nasally. The irides were blue 
and smooth with minimal circumferential folds and no coll- 
arette. Radial stromal defects were present inferiorly in the right 
eye, allowing visualization of the anterior surface of the iris 
pigment epithelium. Intraocular pressures were normal. On go- 
nioscopy, the anterior chamber angles were found open, with 
unobstructed trabecular meshwork and normal ciliary body 
bands connected by frequent uveal processes. The optic discs 
were small but well vascularized, and the macular regions ap- 
peared normal. 

PAX6 mutat ional  analysis 

Genomic DNA was extracted from venous blood samples ob- 
tained with informed consent. Fragments spanning PAX6 exons 
were amplified by the polymerase chain reaction (PCR) using 
previously described primers and conditions (Glaser et al. 1992) 
and screened for mutations by heteroduplex (White et al. 1992) 
and single-strand conformational (Orita et al. 1989) analysis. 
The Bh mutation was detected by altered migration of exon 5a 
heteroduplex molecules. Mutant and wild-type PCR products 
were cloned into pGEM3Z and sequenced. To confirm the exon 
5a mutation, radiolabeled PCR products were digested with 
MaeIII. The presumed genetic relationships within the family 
were confirmed using seven highly polymorphic DNA markers 
on chromosome 11. 

Reverse transcriptase PCR analysis 

RNA was extracted from Epstein-Barr virus-transformed lym- 
phoblast cell lines by the phenol-guanidinium thiocyanate 
method (Chomczynski and Sacchi 1987). Twenty microliter re- 
verse transcriptase (RT) reactions were performed at 37~ as 
described (Kawasaki 1990) using 2 wg RNA as template and 0.2 
~g pd(N)6 as primer. Fragments spanning the exon 5a insertion 
site were amplified from the resulting cDNA by PCR, using 
upstream primer 5'-GGAAGACTTTAACTAGGGGC-3' (exon 
3) and downstream primer 5'-ATGGACGGGCACTCCCGC- 
TT-3' (exon 6) as follows: 1 min at 95~ 2 min at 60~ and 2 
min at 72~ for 45 cycles. The expected products are 416 and 
458 bp long and extend between nucleotides 292 and 707 of 
PAX6 clone kHPX-2 (Glaser et al. 1992). 

In vivo splicing assay 

A 1.3-kb genomic fragment encompassing PAX6 exons 5, 5a, 
and 6 was amplified by PCR from kFix-3 (Glaser et al. 1992} and 

cloned in the sense orientation into the BamHI site of exon 
amplification vector pSPL1 (Buckler et al. 1991). This fragment 
begins 64 bp upstream of exon 5 and ends 54 bp downstream of 
exon 6. The cloning site is located within a 2.3-kb intron de- 
rived from the human immunodeficiency virus (HIV-1) tat gene. 
The intron forms part of a transcription unit that begins with 
the SV40 ori promoter and is flanked by tat splice donor and 
acceptor sites. An isogenic derivative containing the Bh point 
mutation was created by site-directed mutagenesis (Deng and 
Nickoloff 1992). The DNA sequence surrounding exon 5a was 
confirmed in both plasmid clones. COS7 cells (10 6) were  plated 
in 60-mm Petri dishes and transfected with 1.5 ~g of plasmid 
DNA coated with a cationic lipopolyamine (transfectam, 
Promega, Madison, WI). Total cellular RNA was extracted after 
72 hr and PAX6- ta t  chimeric transcripts were amplified by RT 
PCR using an upstream primer in exon 5 (5'-GTCACAGCG- 
GAGTGAATCAGCTCGG-3') and a downstream primer that 
crosses the tat-exon 6 splice junction (5'-TTGGGAGGTGG- 
GTGCTTGGTATGTTATCG-3') (Fig. 2B). The PCR conditions 
were 1 min at 95~ 2 min at 63~ and 2 min at 72~ for 45 
cycles. The expected 359- and 401-bp products were verified by 
Southern analysis with internal oligonucleotide probes. 

Fusion protein preparations 

The construction of pGEX-Pax6 and pGEX-Pax2 GST-paired 
domain expression plasmids has been described (Epstein et al. 
1994). Pax6-5a (codons 1-144) and Pax3 (codons 34-162) se- 
quences were amplified similarly by PCR from human fetal eye 
and mouse embryonic brain RNA, respectively, and cloned into 
p GEX2T (Smith and Johnson 1988). Paired domain deletion con- 
structs were made by amplifying partial coding sequences from 
Pax6, Pax6-5a, Pax2, and Pax3 plasmid templates and cloning 
the resulting PCR products into pGEX2T. GST fusion proteins 
were expressed in E. coli strain BL21 (DE3), purified from bac- 
terial extracts using a glutathione-agarose resin (Epstein et al. 
1994), and assessed by polyacrylamide gel electrophoresis. Ali- 
quots were frozen immediately in liquid nitrogen and stored at 
- 80~ Comparable plasmids expressing Pax6 Pd and Pd-Sa do- 
mains with an amino-terminal polyhistidine tail (Studier et al. 
1990) were constructed in pET14b (Novagen, Madison, WI)and 
the resulting proteins were purified from E. coli strain BL21 
(DE3) by Ni affinity chromatography as described (Epstein et al. 
1994). The coding region of each construct was verified by DNA 
sequencing. 

DNA-binding site selection 

A modified binding-site selection (Wilson et al. 1993) was per- 
formed using a degenerate oligonucleotide with a core of 25 
random positions (see Epstein et al. 1994). However, because the 
region of Pd-5a binding defined by DNase I protection analysis 
extended into the flanking sequences, a longer oligonucleotide 
(93 bp) with a core of 35 random positions was used for all 
further experiments. Approximately 100 ng of purified GST-Pd- 
5a protein was attached to glutathione-agarose beads and incu- 
bated with 5 ~g of oligonucleotide in a buffer containing 20 mM 
HEPES (pH 7.4), 150 mM KC1, 250 wg/ml of poly[d(I-C)], 20% 
glycerol, 0.5 mg/ml of bovine serum albumin (BSA), and 1 ~M 
DTT. Samples were incubated at room temperature for 45 rain 
with gentle agitation and washed extensively with cold binding 
buffer. Pd-Sa/DNA complexes were released from the GST moi- 
ety by thrombin cleavage and used for subsequent PCR ampli- 
fication. After nine rounds of selection, bound oligonucleotides 
were cloned into pGEM3Z and sequenced. The results of the 
selection performed with 35 random positions are presented. 
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The consensus obtained from the experiment using 25 random 
positions (24 selected sequences analyzed) contained the same 
22-bp imperfect direct repeat except that position 4 (as num- 
bered in Fig. 4E) was T instead of C, and position 14 was A 
instead of G. 

EMSA 

EMSA reactions were performed essentially as described (Ep- 
stein et al. 1994), in a buffer consisting of 10 mM Tris (pH 7.4), 
50 mM KC1, 100 ixg/ml of poly[d(I-C)], 20% glycerol, 2.5 mg/ml 
of BSA, 1 mM [3-mercaptoethanol, and 1 laM protein, unless oth- 
erwise noted. For measurement of K d, the poly[d(I-C)] compet- 
itor was omitted. Double-stranded probes were made by anneal- 
ing an oligonucleotide template with a short complementary 
primer and filling in the remaining sequence using Klenow 
DNA polymerase. Probes were radiolabeled by kinasing the oli- 
gonucleotide with [~-32p]ATP or including [~-32p]dCTP in the 
polymerase reaction, and were purified on polyacrylamide gels. 
Binding reactions were performed at 4~ for 30 rain followed by 
electrophoresis through 6% polyacrylamide gels in 0.5x TBE 
[ lx  TBE=45 mM Tris-borate, 1 mM EDTA, (pH 8.0)] for 90 min 
at 17 v/cm. Gels were dried and exposed to X-ray film, or quan- 
titated using a Phosphorlmager (Molecular Dynamics). The 
probes are P6CON, 5'-TGGAATTCAGGAAAAATTTrCAC- 
GCTTGAGTTCACAGCTCGAGTA-3'; 5aCON, 5'-AATAAA- 
TCTGAACATGCTCAGTGAATGTTCATTGACTCT C GAG- 
GTCA-3'; 5aCON(1/2), 5'-GATCCAATGTTCATTGACTCT- 
CGAG-3'. 

Double-label binding experiments 

To calculate the relative ratio of protein to DNA in the com- 
plexes formed upon Pd-Sa binding to 5aCON, we cloned the 
coding region of Pd-Sa into pGEX2TK (Pharmacia) that encodes 
a phosphorylation site for cAMP-dependent protein kinase be- 
tween the GST moiety and the polylinker. The resulting fusion 
protein was expressed as described above and labeled with 
[7-a2P]ATP according to the manufacturer's instructions to a 
specific activity of - 2  x 106 cpm/~g before elution from the aga- 
rose beads. 5aCON was labeled with 33p to  a specific activity of 
- 4 x  106 cpm/~g using polynucleotide kinase and [~/-aaP]ATP 
(Dupont NEN) before gel purification. EMSA was performed in 
the absence of competitor DNA at various molar ratios of total 
protein to DNA ranging from 0.5 to 2. Four percent polyacryl- 
amide gels were used to minimize comigration of free protein 
with specific complexes. Complexes were excised from dried 
gels and rehydrated in 0.5 ml of water. Comparable slices were 
excised from lanes in which no DNA was added to the binding 
reaction to calculate the amount of comigrating free protein. 
Complexes were eluted from the gel slices by adding 0.5 ml of 
Solvable (Dupont NEN) and incubating for 3 hr at 50~ before 
neutralization with 10 ml of fluor (Formula 989, Dupont NEN). 
Dual-channel scintillation counting was used to calculate the 
relative ratios of ~2p to aap in complexes within a given binding 
reaction, that is, from the same lane of the gel. We were unable 
to determine the ratio of protein to DNA in complexes migrat- 
ing more slowly than C2 because of their low abundance and 
comigrating free protein. 

CAT assays 

P19 murine embryo carcinoma cells (5x 10 4) w e r e  plated in 60- 
mm petri dishes and transfected with plasmid DNA coated with 
cationic lipopolyamine (transfectam). The pGsECAT reporter 
plasmid contains the adenovirus ElbTATA promoter upstream 

of the bacterial CAT gene (Lillie and Green 1989). Derivative 
plasmids with six copies of the P6CON sequence, two copies of 
a 5aCON sequence, or six copies of the 5aCON(1/2) sequence 
upstream of the promoter were prepared by inserting two copies 
of PRDCONx3 (5'-TCGACAAAATTTTCAGGCTTGAGTTC- 
ACAGCTCGAAAAATTTTCACGCTTGAGTTCACAG CTG- 
GAAAAATTTTCACGCTTGAGTTCACAGCTC-3'}, two cop- 
ies of 5aCON-ava (5'-CTAGTGAACATGCTCAGTGAATGT- 
TCATTGACTCTC-3'), or three copies of 5aCON(1/2)-6A {5'- 
C T A G T G A A C A T G T T C A T T G ~ T G T T C A T T G A C -  
TCTC-3') into the SalI site of PGsECAT after the addition of 
SalI linkers. Expression plasmids were derived by replacing the 
Not113-gal cassette of pCMV[3 (MacGregor et al. 1987} with full- 
length coding sequences for Pax6, Pax6-Sa, or Pax2, and expres- 
sion of Pax proteins was confirmed by Western analysis. The 
1.6-kb human Pax6 DNA fragment was amplified by PCR from 
pHPX-2 (Glaser et al. 1992) using an upstream primer in the 
5'-untranslated region {5'-AAAGCATTGCGGGCGCGAAGC- 
AACAACAGCAGCAGCACA-3') and a downstream primer in 
flanking vector DNA (5'-AATACAAGCGGCCGCATACGAC- 
TCACTATAGGGCG-3'). Mouse Pax2 sequences were recom- 
bined as a 2.6-kb NotI fragment from two partial eDNA clones 
(Dressier et al. 1990). The Pax6-5a plasmid was derived by re- 
placing the 371-bp NheI fragment of pHPX-2 with the corre- 
sponding 359-bp NheI fragment containing exon 5a. Each dish 
was transfected with 2 ~g of reporter and 1 vLg of expression 
plasmid DNA. Cell extracts were prepared after 48 hr and as- 
sayed for CAT activity as described by Gorman et al. (1982). 
Samples were diluted as necessary to measure activity in the 
linear range and equalize the amount of protein added. The 
percent acetylation was quantitated from thin-layer chromatog- 
raphy plates using a PhosphorImager. 

DNase I footprinting and methylation interference 

Footprinting and interference experiments were performed as 
described (Epstein et al. 1994). For DNase I footprint analy- 
sis, double-stranded oligonucleotides P6CON, 5aCON, and 
5aCON{ 1/2) were cloned in the polylinker of plasmid pGEM3Z 
or pGEM4Z. Restriction fragments containing these sequences 
were end-labeled by kinasing the oligonucleotide with 
[~/-32p]ATP or including [c~-a2P]dCTP in the polymerase reac- 
tion, gel purified, and mixed with 1 txM GST-Pd or GST-Pd-5a 
protein in 20 ~1 of EMSA buffer including 5 ~g/ml of poly[d{I- 
C)], 10 mM CaC12, and 2 mM MgC12. After DNase I digestion, 
samples were precipitated with ethanol and run on denaturing 
6% or 10% polyacrylamide gels. For interference assays, com- 
plementary oligonucleotides were end-labeled by kinasing with 
[V-32P]ATP, annealed, and extended with Klenow DNA poly- 
merase. These probes were gel purified, modified with dimeth- 
ylsulfate or hydrazine, precipitated with ethanol, and resus- 
pended in 20 ~1 of EMSA buffer with 0.1 VLM GST-Pd or GST- 
Pd-Sa. After 30 min at 4~ samples were electrophoresed 
through a denaturing 6% polyacrylamide gel in 0.Sx TBE and 
exposed to X-ray film. DNA-protein complexes and free probes 
were excised separately, electroeluted in 0.2 x TBE, and precip- 
itated with ethanol. Samples were then resuspended in 1 M pip- 
eridine, cleaved for 30 min at 95~ lyophilized three times, and 
run on a denaturing 10% polyacrylamide gel. 
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