Crystal structure of the human Pax6
paired domain—-DNA complex reveals
specitic roles for the linker region
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Pax6, a transcription factor containing the bipartite paired DNA-binding domain, has critical roles in
development of the eye, nose, pancreas, and central nervous system. The 2.5 A structure of the human Pax6
paired domain with its optimal 26-bp site reveals extensive DNA contacts from the amino-terminal
subdomain, the linker region, and the carboxy-terminal subdomain. The Pax6 structure not only confirms the
docking arrangement of the amino-terminal subdomain as seen in cocrystals of the Drosophila Prd Pax
protein, but also reveals some interesting differences in this region and helps explain the sequence specificity
of paired domain-DNA recognition. In addition, this structure gives the first detailed information about how
the paired linker region and carboxy-terminal subdomain contact DNA. The extended linker makes minor
groove contacts over an 8-bp region, and the carboxy-terminal helix-turn-helix unit makes base contacts in
the major groove. The structure and docking arrangement of the carboxy-terminal subdomain of Pax6 is
remarkably similar to that of the amino-terminal subdomain, and there is an approximate twofold symmetry
axis relating the polypeptide backbones of these two helix—turn-helix units. Our structure of the Pax6 paired
domain-DNA complex provides a framework for understanding paired domain-DNA interactions, for
analyzing mutations that map in the linker and carboxy-terminal regions of the paired domain, and for
modeling protein-protein interactions of the Pax family proteins.
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Pax proteins, which contain a conserved 128-amino-acid
DNA-binding ‘paired’ domain, named after the proto-
typical Drosophila paired gene, have critical roles in
mammalian development and oncogenesis (for review,
see Noll 1993; Strachan and Read 1994; Stuart et al.
1994; Read 1995; Mansouri and Gruss 1996; Dahl et al.
1997). Missense mutations within the paired domains of
Pax genes produce a number of mouse and human de-
velopmental disorders (Baldwin et al. 1995; Prosser and
van Heyningen 1998), whereas chromosomal transloca-
tions of the human PAX3 and PAX7 genes are associated
with alveolar rhabdomyosarcoma, a pediatric cancer of
muscle (for review, see Barr 1997). These results under-
score the importance of the Pax paired domain in pro-
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tein-DNA recognition and in the regulation of gene ex-
pression.

One Pax gene that provides a particularly useful para-
digm for studies investigating the developmental func-
tion of this gene family is Pax6 . Pax6 is expressed in the
developing eye, nose, pancreas, and central nervous sys-
tem (CNS) (Walther and Gruss 1991; Turque et al. 1994;
Grindley et al. 1995; Davis and Reed 1996; Koroma et al.
1997). In humans and mice, Pax6 haploinsufficiency re-
sults in the aniridia and Small eye (Sey) ocular pheno-
types, whereas homozygous Pax6 mutants result in a
complete failure of eye development along with CNS
and pancreatic defects (Hogan et al. 1986; Schmahl et al.
1993; Glaser et al. 1994; Quinn et al. 1996; Caric et al.
1997; Ericson et al. 1997; Sander et al. 1997; St-Onge et
al. 1997; Warren and Price 1997). In transgenic mice,
overexpression of human PAX6 also produces ocular de-
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velopmental defects (Schedl et al. 1996). Moreover, mu-
tations in a homologous Drosophila Pax6 gene result in
the eyeless (ey) phenotype, and Pax6 misexpression in
Drosophila results in ectopic eye formation (Quiring et
al. 1994; Halder et al. 1995). Most recently, several addi-
tional genes in the Drosophila eye-forming regulatory
hierarchy have been identified and their functional inter-
relationships have been determined (Chen et al. 1997,
Pignoni et al. 1997; for review, see Desplan 1997). While
confirming that Pax6 is a key regulator of eye develop-
ment, these results have focused attention on the iden-
tity of Pax6 target genes and on the mechanism by which
Pax6 recognizes DNA.

The mammalian Pax gene family consists of nine
members that can be organized into groups based upon
sequence similarity, structural features, and genomic or-
ganization. The four groups include Pax1 and Pax9;
Pax2, Pax5, and Pax8; Pax3 and Pax7; and Pax4 and Pax6
(for review, see Stuart et al. 1994). However, some simi-
larities extend across multiple groups or throughout the
entire Pax family. Previous studies have shown that the
paired domains of the Pax2, Pax3, Pax5, and Pax6 pro-
teins can recognize similar DNA sequences (Czerny et
al. 1993; Epstein et al. 1994a, 1996; Chalepakis and
Gruss 1995; Czerny and Busslinger 1995). Biochemical
and crystallographic studies have shown that the paired
domain actually consists of independent amino-terminal
and carboxy-terminal subdomains (hereafter referred to
as the ‘N subdomain’ and the ‘C subdomain’) (Czerny et
al. 1993; Epstein et al. 1994b; Xu et al. 1995). The crystal
structure of a complex containing the Drosophila paired
(Prd) paired domain and a DNA-binding site revealed the
folding arrangement of the N and C subdomains and pro-
vided a model for the docking of the N subdomain (Xu et
al. 1995). However, the arrangement of the C subdomain
in the Prd-DNA cocrystal leaves open several important
questions about paired domain-DNA interactions.

The Prd structure shows that the C subdomain con-
tains three « helices and folds like a homeodomain, but
the C subdomain does not make any DNA contacts in
the Prd-DNA cocrystals. In Drosophila, it has been pos-
sible to rescue the paired phenotype with constructs
lacking the C subdomain, suggesting that it may be dis-
pensable in this context (Cai et al. 1994). However, for
other paired domains, genetic and biochemical evidence
shows that the C subdomain has important functions
and can make DNA contacts. This domain is well con-
served among Pax6 homologs, and a missense mutation
in the C subdomain of human Pax6 results in foveal
hypoplasia (Azuma et al. 1996). In addition, selected op-
timal binding sites for the Pax6 paired domain show con-
served bases over a 20-bp region, and DNA footprinting
experiments show that both subdomains are required to
protect this site: Deletion of the C subdomain contracts
the footprint to 16 bp (Epstein et al. 1994b). Pax6 binding
sites identified in lens crystallin genes (for review, see
Cvekl and Piatigorsky 1996) and in the promoter for a
neural cell adhesion molecule (Chalepakis et al. 1994)
have sequences similar to that of the optimized site, fur-
ther supporting the physiological significance of these
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extended binding sites and the role of the C subdomain
of Pax6 in DNA recognition.

Studies of other Pax proteins also highlight the impor-
tance of the C subdomain in DNA recognition. For Pax5,
one set of extended DNA sites found in promoters of
Pax5-regulated genes requires both the N and C subdo-
mains for efficient binding. DNA footprinting experi-
ments confirm that these extended sites are protected by
the intact Pax5 paired domain, but not by the isolated N
subdomain (Czerny et al. 1993). Pax3 and Pax7 (which
normally have one more residue in the linker than
PAXG6) have alternative splice forms with linkers identi-
cal in length to the Pax6 linker. These isoforms can rec-
ognize the extended sites identified for Pax5 and Pax6,
and optimal binding to these extended sites also requires
the intact C subdomains of Pax3 and Pax7 (Vogan et al.
1996). There are also alternative splice forms of Pax6
(known as Pax6-5a) and Pax8 that contain insertions that
disrupt the N subdomain and therefore bind DNA exclu-
sively via their C subdomains (Epstein et al. 1994b;
Kozmik et al. 1997). These results highlight structural
and functional similarities in many members of the Pax
family and emphasize the importance of understanding
how the linker region and the C subdomain contact
DNA.

To better understand paired domain-DNA interac-
tions and the function of the C subdomain in particular,
we have determined the 2.5-A resolution crystal struc-
ture of a complex containing the human Pax6 paired do-
main with its optimal DNA-binding site. This cocrystal
structure reveals specific DNA contacts made by the N
subdomain, the extended linker, and the C subdomain. It
provides a general model for understanding Pax muta-
tions, the relationship of Pax subfamilies, and the pro-
tein—protein and protein—-DNA interactions that are rel-
evant for the biological function of the paired domains.

Results

Overall structure of the Paxé paired domain-DNA
complex

The Pax6 paired domain was crystallized with a 26-bp
DNA duplex containing the optimal Pax6 binding site
(sequences shown in Fig. 1A-C). The Pax6 paired do-
main, like the Prd paired domain (Xu et al. 1995), con-
tains two globular subdomains (Fig. 2) linked by an ex-
tended polypeptide chain (residues 61-76). The N subdo-
main (residues 1-60) contains a short B motif (an
antiparallel g hairpin, followed by a type II g turn) and
also includes three o helices that fold like a homeodo-
main. The C subdomain (77-133) contains three « heli-
ces with a related homeodomain-like fold. There are no
protein—protein contacts between the N and C subdo-
mains.

Sequence comparisons show that the N subdomain is
relatively well conserved among Pax proteins, and this
part of the Pax6 structure is very similar to Prd. The first
few residues of the N subdomain form a g hairpin that
spans the minor groove of the DNA and contacts the
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Figure 1. Sequences of paired domains and
binding sites. (A) The sequence and second-
ary structure of the Pax6 paired domain,
with sequences of paired domains from
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tains the (conventional) 128-residue paired
domain and five subsequent residues
(SEKQQ) from Pax6. Lines below these se-
quences indicate residues that are con-
served in almost all paired domains and
also show missense mutations in the Pax6
paired domain (Azuma et al. 1996, 1998;
Tang et al. 1997; Prosser and van Heynin-
gen 1998 and http://www.mrc.hgu.ac.uk/
Softdata/Pax6/ cited therein; Wolf et al.
1998; Grenskov et al. 1999; Hanson et al.
1999; T. Glaser, pers. comm.). Note that
both the N17S and 129V missense muta-
tions were identified in the same allele
along with a 12-bp insertion in intron 5;
hence, the functional significance of each
charge by itself is uncertain. DNA contacts
from the Pax6 crystals are summarized in
the last two lines: One line indicates con-
tacts with the sugar (S) phosphate (P) back-
bone; the other indicates base contacts [[M)
major groove; (m) minor groove]. Note that
the Pax6 nomenclature differs by three resi-
dues from that used in this paper because
the Pax6 paired domain begins at residue 4
of the Pax6 protein. (B) DNA-binding sites
for the Pax6 and Pax5 paired domains are
longer than that for the Prd paired domain.
Consensus binding sites for the Prd and
Pax6 paired domains were determined from
in vitro selections (Epstein et al. 1994a; Jun
and Desplan 1996); the binding site for Pax5
paired domain was deduced from a combi-
nation of in vitro selection (Czerny and
Busslinger 1995) and alignments of func-
tional promoter sequences (Czerny et al.
1993). The extended sites recognized by

Pax6 and Pax5 reflect binding of the C subdomain. (C) DNA oligonucleotide used in cocrystallization, with a box marking the Pax6
binding site. (D) The density-modified MI map shows clear electron density for the protein and the DNA. The map is contoured at 2.0
o; this section shows the interface of the carboxy-terminal HTH motif (red) with the DNA (yellow). Several residues are labeled.

sugar phosphate backbone of both DNA strands. This
hairpin is followed by a B turn (residues 13-16) that
makes important base contacts in the minor groove. The
B hairpin and B turn pack against the subsequent helical
portion of this subdomain, which contains three o heli-
ces (helices 1-3 of the paired domain, residues 20-60, Fig.
2A,B). This N subdomain uses a helix-turn-helix (HTH)
unit to dock against the major groove at one end of the
binding site. The extended linker, which contains resi-
dues 61-76 and connects the two subdomains, binds in
the minor groove near the center of the site. The linker
makes numerous contacts with the sugar phosphate
backbone and the DNA bases over an 8-bp region. The C
subdomain contains three o helices (helices 4, 5, and 6 of
the paired domain, Fig. 2A,B) and uses a HTH motif to
dock against the major groove in the distal portion of the

Pax6 binding site. Helix 6 (the ‘recognition helix’ of the
C subdomain) fits directly into the major groove. Dock-
ing of this subdomain also is stabilized by the phosphate
contacts from the amino-terminal portion of helix 5 and
from the carboxy-terminal portion of the linker. Because
the role of the C subdomain in the Pax6 complex is dra-
matically different than in the Prd complex (Xu et al.
1995), we begin by discussing this region in more detail.

Major groove contacts made by the carboxy-terminal
HTH unit

The overall folding arrangement of the Pax6 C subdo-
main is very similar to that seen with Prd [root mean
square (rms) distance of 1.23 A when superimposing Ca
atoms of residues 80-124], but each helix of the Pax6 C
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Figure 2. Overview of the Pax6 paired domain-DNA complex. (A) Stereo view with ribbons drawn through the Ca atoms of the
protein (red) and through the phosphate atoms of the DNA backbone (blue). The N subdomain is at the top. (B) Sketch of the Pax6
paired domain-DNA complex in a similar orientation. Cylinders represent o helices; arrows represent B strands. Helices 1-6 are
labeled; residue numbers indicate termini of the corresponding secondary structure elements.

subdomain is slightly longer than the corresponding he-
lix of Prd, and, most significantly, no DNA contacts
were observed with the Prd C subdomain.

Helices 5 (residues 95-106) and 6 (residues 116-133)
form a HTH unit, and contacts with DNA bases are me-
diated by the amino-terminal portion of helix 6. Base
contacts from this helix include (1) van der Waals con-
tacts between Arg-122 and the methyl group of thymine
16; (2) van der Waals contacts between Arg-125 and the
methyl group of thymine 19; (3) a water-mediated con-
tact between Ser-118 and the N7 of guanine 17; and (4) a
water-mediated contact between the O3 of Asn-121 and
the N7 of guanine 20 (Figs. 3 and 4). These observed base
contacts are fully corroborated by data from biochemical
studies (Czerny et al. 1993, 1995; Epstein et al. 1994a).
During site selection studies, thymines were highly pre-
ferred at positions 16 and 19, whereas guanine or adenine
(which both have the N7 hydrogen-bond acceptor) were
preferred in positions 17 and 20. Our results also are
consistent with methylation protection studies showing
that the N7 positions of guanines 17 and 20 are fully
protected by binding of Pax5 or Pax6.

The C subdomain of Pax6 also makes contacts with
flanking phosphates on both sides of the major groove
(Figs. 3 and 4). Contacts with one strand of the DNA
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involve serines 116 and 119 (from the amino terminus of
helix 6) and Arg-122 (Fig. 4). Contacts with the other
DNA strand involve Asn-121 and Arg-125 from helix 6
and Phe-95, Ala-96, and Trp-97 from the amino terminus
of helix 5. Finally, we also note that docking of the C
subdomain may also be constrained by phosphate con-
tacts (discussed below) from the carboxy-terminal por-
tion of the linker region.

Minor groove contacts by the linker

The extended polypeptide linker (residues 61-76) lies in
the minor groove and makes extensive contacts over an
8-bp region of the DNA (Figs. 2, 4, and 5). The confor-
mation of the amino-terminal region of the linker is
quite similar to that seen with the Prd paired domain,
but the Pax6 linker is much better ordered and makes
many more contacts with the DNA. Residues 65-67
make several contacts with the DNA backbone, and
there are extensive base and phosphate contacts from the
residues that follow. Ile-68, which is an invariant residue
among paired family proteins, fits directly into the mi-
nor groove and makes van der Waals contacts with thy-
mines 11 and 12 and with the sugar of guanine 10. The
main chain NH of Gly-69 hydrogen bonds with the O2 of



thymine 11, whereas the NH and carbonyl groups of Gly-
70 hydrogen bond, respectively, with the N7 and the N2
of guanine 13. The Ser-71 side chain contacts the N3 of
adenine 14. Pro-73 appears to play an especially impor-
tant role in DNA recognition: The side chain packs
against the sugar of guanine 15, and this proline also
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Figure 4. Diagram of DNA contacts in the Pax6 paired do-
main-DNA complex. DNA is represented as a cylindrical pro-
jection. Circles labeled W denote water molecules; other circles
represent phosphates; shaded circles mark sites where Pax6 con-
tacts the DNA backbone. All contacts made by Pax6 are indi-
cated with arrows. (Solid arrows) Hydrogen bonds; (broken ar-
rows) van der Waals contacts.

Crystal structure of Pax6 paired domain-DNA complex

Figure 3. Sterco view of the interface be-
tween the C domain and the DNA. The
orientation of the complex is similar to
that in Fig. 2, A and B. DNA is represented
by solid sticks; the protein backbone is rep-
resented with open sticks. Side chains of
key residues that contact the DNA are
shown (Phe-95 and Trp-97 with open
sticks; Ser-118, Ser-119, Asn-121, Arg-122,
and Arg-125 with solid sticks). (@) Water
molecules; (broken lines) hydrogen bonds.
Corresponding superpositions between the
C subdomain (residues 80-128) and the
three helices of Engrailed (residues 10-58)
give an rms distance of 1.71 A; superposi-
tions with the three helices of the Hin re-
combinase (residues 148-180) give rms dis-
tances of 1.86 A.

changes the direction of the polypeptide main chain, al-
lowing the carbonyl oxygen of residue 72 to hydrogen
bond with the Ne of Arg-74. This, in turn, allows the
Arg-74 side chain to reach back and to make both a direct
and a water-mediated contact with guanine 15. The
main chain NH groups of residues 74-76 form an inter-
esting loop around the phosphate of thymine 16 and
make an extensive set of chelating contacts with this
phosphate.

The conformation of the linker appears to be stabilized
by a set of protein—protein interactions with the N and C
subdomains. These interactions are particularly exten-
sive in the amino-terminal portion of the linker: (1) Gly-
61 packs against the Tyr-57 side chain (which is in the
hydrophobic core of the N subdomain); (2) Ile-63 makes
hydrophobic contacts with the Arg-23 and Gln-24 side
chains; (3) Arg-64 makes a salt bridge with Asp-20; (4)
Pro-65 and Ile-68 interact with Arg-16 and Pro-17 of the
B turn motif. Residues 62, 63, and 64 of the linker form
a half-circle loop that is stabilized by a hydrogen bond
between the Ser-62 side chain and the main chain NH of
Arg-64. There also are several stabilizing contacts in the
carboxy-terminal portion of the linker: The Val-75 side
chain packs against the ring of Pro-115, the residue im-
mediately preceding the DNA recognition helix, and
Ala-76 interacts with the Val-123 side chain. Essentially,
Val-75 and Ala-76 serve to cover and complete one sec-
tion of the hydrophobic core of the C subdomain.

Contacts by the N subdomain

Comparisons with the Prd paired domain show that the
amino acid sequence is highly conserved in this region
(Prd and Pax6 have 68% identity for residues 1-60).
Structural comparisons of these proteins also show that
the folding, docking, and DNA contacts are exceedingly
similar in this region (Fig. 2D). Superimposing residues
2-60 gives an rms distance of 0.45 A for corresponding
Ca atoms.

Although the overall structures of the Pax6 and Prd N
subdomains are very similar, there are important differ-
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Figure 5. Stereo view of the interface be-
tween the linker and the DNA. The orien-
tation of the complex is similar to that in
Figs. 2, A and B. DNA is represented by
solid sticks; the protein backbone is repre-
sented by open sticks. Side chains of key
residues (Ile-68, Ser-71, Pro-73, Arg-74, and
Val-75) that contact DNA are in black. (@)
Water molecules; (broken lines) hydrogen
bonds.

ences in their binding site sequences and base contacts.
Asn-47 of Pax6, which is the first residue of the recog-
nition helix (helix 3), replaces a histidine that occurs at
this position in Prd. This change helps explain a key
difference in binding site specificity of various paired
domains. In Prd, residue 47 is a histidine, which hydro-
gen bonds with a guanine at position 4. In contrast, Asn-
47 of Pax6 recognizes an AT base pair by making a van
der Waals contact with the methyl group of thymine 4

Figure 6. Key differences in DNA contacts
made by the Pax6 and Prd N subdomains.
(A) Comparison of the role of residue 47 in
Pax6 and Prd. Complexes were aligned by
superimposing the amino-terminal HTH
motifs of Prd and Pax6. Helix 3 is yellow;
neighboring regions of the DNA are blue.
His-47 of Prd (white) makes a hydrogen
bond (broken line) with the guanine (white)
at base pair 4 of the Prd site; Asn-47 of Pax6
(shown in red) makes van der Waals con-
tacts (dotted red spheres) with the thymine
(red) at base pair 4 of the Pax6 site and
makes a water-mediated contact with a
phosphate. (B) Stereo view of contacts made
by Gly-15 and Arg-16 where the B turn of
Pax6 fits into the minor groove. (Broken
lines) Hydrogen bonds with the Pax6 site
(bases shown in black); (@) critical water
molecule. Bases from the corresponding re-
gion of paired are shown with open lines.
(Complexes were superimposed by superim-
posing the B turns.) In Pax6, the carbonyl
oxygen of Gly-15 contacts the N2 of a gua-
nine at base pair 10; Prd has a contact at
essentially the same position in space but it
involves the N2 of a guanine on the opposite
strand of the DNA. In Pax6, the critical wa-
ter molecule contacts the N3 of the adenine
at base pair 11; Prd has a water molecule at
essentially the same position in space, but it
contacts the O2 of a thymine, which occurs
at base pair 11 of the Prd site.
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(Fig. 6A). This arrangement is further stabilized by a wa-
ter-mediated interaction between the Asn-47 side chain
and the phosphate of thymine 2. This hydrophobic con-
tact between Asn-47 and thymine 4 explains the ob-
served sequence preference and reveals a novel structural
basis for interaction between an AT base pair and aspara-
gine. In many other protein-DNA complexes, aspargine
makes a pair of hydrogen bonds with adenine. In the
Pax6 N subdomain, the position and the orientation of




the polypeptide backbone preclude Asn-47 from making
this typical set of hydrogen bonds with the AT base pair.
Additional, more subtle differences in the base contacts
of the Pax and Prd N subdomains involve water-medi-
ated contacts from Gly-48 and Lys-52 (Fig. 4).

Another interesting set of differences involve the mi-
nor groove contacts made by the B turn units. In Pax®6,
the side chain O3 of Asn-14 makes a hydrogen bond with
the N2 of guanine 9 and makes a water-mediated hydro-
gen bond with the same guanine. The carbonyl oxygen of
Gly-15 hydrogen bonds with the N2 position of guanine
10. Gly-15 also makes van der Waals contact with base
pair 10 and makes water-mediated contacts with the O2
of cytosine 9. Gly-15 and Arg-16 together make a water-
mediated contact with the N3 of adenine 11. Although
the overall fold and docking of the Pax6 B turn unit (resi-
dues 13-16) is very similar to that of Prd, there are sig-
nificant differences in the DNA sequences of the binding
sites in this region and corresponding differences in the
base contacts (Figs. 1, 4, and 6B).

Comparing this § turn unit with that of Prd provides a
striking example of ambiguities involved in minor
groove recognition. Thus, the carbonyl oxygen of Gly-15
contacts the N2 position of guanine in each complex, but
the N2 position is right in the center of the minor groove
(Seeman et al. 1976), and these guanines are on opposite
strands in the two different complexes. Similar ambigu-
ities occur with the water-mediated contact involving
Gly-15 and Arg-16. This water contacts the N3 of ad-
enine 11 in the Pax6 complex, but in Prd it makes an
essentially isosteric contact with the O2 of a thymine
that occurs at a corresponding position in the minor
groove. In comparing the amino-terminal regions of Prd
and Pax6, we also note that residues Ser-1 and His-2 of
Pax6 make a few contacts with the DNA backbone. Cor-
responding residues of Prd were unstructured, and these
new DNA contacts may help to stabilize the overall
docking of the g turn.

DNA conformation

The Pax6 binding site has a relatively standard B-DNA
conformation in the crystals, and the DNA duplexes
stack to form a pseudocontinuous helix. In the Pax6
cocrystals, the DNA within the 20-bp Pax6 binding site
has an average helical twist of 34.7° (10.4 bp/turn) and an
average rise of 3.36 A /base pair, as determined with the
CURVES program (Lavery and Sklenar 1988). However,
there are significant local deformations where the B turn
and the linker bind in the minor groove. Thus, the heli-
cal twist between base pair 11 and 12 is only 15°, and this
correlates with penetration of the Ile-68 side chain of the
linker into this region of the minor groove. There is over-
winding at the neighboring position, with a helical twist
of 48° between base pairs 12 and 13. This region also has
a 27° bend that opens the minor groove in the region
where the B turn makes base contacts. This bend may be
a common characteristic of paired domain-DNA com-
plexes, because the Prd complex has a similar (20°) bend
at this site (Xu et al. 1995).

Crystal structure of Pax6 paired domain-DNA complex

Discussion
Basis for DNA recognition by the Pax C subdomain

The structure of the Pax6 paired domain-DNA complex
helps explain the roles of the linker region and the C
subdomain in paired domain-DNA interactions. It pro-
vides a plausible model for other paired domain-DNA
complexes that contact extended sites and also helps ex-
plain why the C subdomain of Prd does not bind DNA.

Sequence comparisons suggest that the overall fold of
the C subdomain is conserved throughout the Pax fam-
ily. In all nine members of the family, this region shows
a high degree (>50%) of homology. No insertions or de-
letions are seen in the alignment, and hydrophobic core
residues are especially well conserved. We therefore pre-
sume that all paired C subdomains contain a similar
HTH fold. Five of six side chains that contact DNA are
also conserved throughout the Pax family. The only
variation occurs at position 121, where Pax6 has an as-
paragine, but Pax3 and about half of the paired domains
have a serine. However, these residues could readily
make similar contacts. The side chain carbonyl of resi-
due 121 makes a water-mediated contact to base 19. The
Ser-121 side chain may also make a similar contact as it
has been shown that the C subdomain of Pax3 has DNA
selectivity similar to that of Pax6 (Vogan and Gros 1997).
Given the conservation of the C subdomain and the
similar DNA-binding specificities of many paired do-
mains, the Pax6 structure may provide a good basis for
modeling DNA contacts by the C subdomain in other
Pax proteins. The paired domain has some homology
with the DNA-binding domains of Tc1 transposases and
these seem to use similar docking arrangements (Franz
et al. 1994; Ivics et al. 1996; van Pouderoyen et al. 1997).

Although the C subdomain is involved in recognizing
the extended intact site, it appears that the N subdomain
plays a dominant role in DNA binding of the intact
paired domain. The binding site for the N subdomain
shows a clear consensus sequence, the crystal structure
shows more contacts in this region, and the isolated N
subdomain still binds DNA strongly. There are situa-
tions in which the primary contacts come from the C
subdomain, but it is possible that these involve other
docking arrangements. An alternative splice form of
Pax6, with binding of the N subdomain disrupted by an
insertion of 14 amino acids between helices 2 and 3, can
recognize DNA (site 5aCON) exclusively via the C sub-
domain (Epstein et al. 1994b). Similarly, a Pax8 alterna-
tive splice form exists that contains an additional serine
in helix 3 of the N subdomain (Kozmik et al. 1997). This
form is also unable to bind to an N subdomain recogni-
tion sequence but recognizes a DNA sequence identical
to the Pax6 5aCON site. Interestingly, several sequences
in the 5aCON site that are selected by the C subdomain
are not strongly selected by the intact Pax6 paired do-
main. It is not obvious how to align the 5aCON site with
the binding site of the intact PAX6 paired domain, and it
is possible that the isolated C subdomain has a distinc-
tive docking arrangement. However, in the context of
the intact protein, the DNA-binding ability of the C sub-
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domain may be overshadowed by the greater affinity and
specificity of the N subdomain. Considering the exten-
sive contacts by the N subdomain and the additional
contacts from the linker (discussed in the next section),
binding of the N subdomain and the linker may con-
strain the docking modes accessible for the C subdo-
main.

Selection studies with Prd (Jun and Desplan 1996) give
a shorter binding site than for Pax6, and our previous
crystallographic studies revealed that the C subdomain
of Prd does not contact this site. Sequence comparison
between Pax6 and Prd reveals two differences among the
six DNA-contacting residues of the C subdomain (Fig.
1A). First, at position 119, Pax6 has a serine and its side
chain hydroxyl makes a strong hydrogen bond with the
phosphate oxygen of guanine 17. Prd has an alanine at
this position and thus would not only lose a critical con-
tact but also place a hydrophobic group near the phos-
phate. Second, at position 121, Pax6 has an asparagine
and Prd has a serine. This difference may be less critical
as Pax3 and Pax7 also have serines at this position and
yet their C subdomains are able to contact DNA. The
inability of the Prd C subdomain to bind DNA may thus
result from the difference of a single residue at position
119. Given the relatively weak binding of the C subdo-
main (at least in the context of the full-length paired
domain), losing one strong hydrogen bond from residue
119 could readily explain why DNA binding was not
observed for the Prd C subdomain.

A unique role for the paired domain linker

The Pax6 linker that connects the N and C subdomains
is well ordered (unlike the corresponding region of the
Prd complex) and makes extensive base contacts in the
minor groove. Selections show that binding site se-
quence is well conserved in this region, and minor
groove contacts from the linker explain the recognition
specificity. Contacts in the Pax6 complex rationalize the
observed specificity, and the energetic significance of the
linker-DNA interactions is also highlighted by the two
Pax missense mutations that occur in this region, G66D
(Baldwin et al. 1995) and P73L (T. Glaser, pers. comm.).
In addition, we note that the amino acid sequence of the
linker is highly conserved in all paired domains and that
all the base-contacting residues are invariant (with the
exception of the Arg-74/Lys-74 difference noted above).
Binding site selections show very similar preferred se-
quences from base pair 11 to 15 for the Prd, Pax2, Pax5,
and Pax6 paired domains. The observations suggest that
the Pax6 linker should provide a good model for other
Pax proteins.

DNA binding by covalently linked modules has been
observed in several other systems, but Pax6 reveals a
novel paradigm for the role of a linker region. It is inter-
esting to contrast the role of the linker in the Pax struc-
ture with (1) the role of the linker in the POU domains,
where the flexible linkers seen in the Oct-1 (Klemm et
al. 1994) and Pit-1 structures (Jacobson et al. 1997) pri-
marily serve to tether the N and C subdomains, and (2)
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the role of the linkers in the zinc fingers (Pavletich and
Pabo 1991; Elrod-Erickson et al. 1996) where relatively
short well-ordered linkers make water-mediated phos-
phate contacts from the outer edge of the major groove.
Pax6 provides an impressive example of how an ex-
tended polypeptide chain can be used to trace along and
contact DNA bases in the minor groove. Minor groove
contacts by an extended polypeptide chain have been
seen in other complexes, such as the homeodomain with
an extended amino-terminal arm (Kissinger et al. 1990;
Wolberger et al. 1991) or the Hin recombinase, with
amino-terminal and carboxy-terminal arms that bind in
the minor groove (Feng et al. 1994). However, compared
with these amino- and carboxy-terminal arms, the Pax6
linker is much better ordered and makes more numerous
DNA contacts. Having the linker tethered on both sides
by the N and C subdomains may help stabilize the over-
all structure of the linker region, and protein-protein
interactions between the ends of the linker and the ad-
jacent subdomains also presumably constrain the linker
conformation and enhance specificity.

Approximate twofold symmetry axis relates the N
and C subdomains

The overall fold and docking arrangement of the C sub-
domain is similar to that of the N subdomain, and there
is an approximate twofold symmetry axis (through the
center of the extended binding site) that relates the poly-
peptide backbones of these two subdomains. (In Fig. 2B,
this approximate twofold axis would be perpendicular to
the page and go through the minor groove near base pair
12.) However, the detailed interactions at the protein—
DNA interface are almost entirely different for these two
subdomains: There are no recognizable similarities in
the amino acid sequences of these domains, in the DNA
sequences of their binding sites, or even in the relative
position of residues from the HTH units that make criti-
cal base and phosphate contacts. However, the overall
similarity in the folding and docking arrangements is
quite striking. We infer that the paired domain may have
arisen by gene duplication of a three-helix unit and that
detailed similarities in the amino acid sequences of the
domains or in their DNA contacts were lost during sub-
sequent divergent evolution. [A conceptually similar in-
ternal twofold axis occurs in the TBP/TATA-box com-
plex (Kim et al. 1993a,b), and it has been proposed that
TBP evolved via ancient gene duplications.|

Correlation with Pax developmental mutants

Missense mutations that produce murine and human de-
velopmental disorders can readily be explained from our
structure. Of the 18 Pax6 paired domain missense mu-
tations known to us (Hanson et al. 1994, 1999; Azuma et
al. 1996, 1998; Tang et al. 1997; Prosser and van Heyn-
ingen 1998 and http://www.mrc.hgu.ac.uk/Softdata/
Pax6/ cited therein; Wolf et al. 1998; Greonskov et al.
1999; T. Glaser, pers. comm.), 8 mutations involve resi-



dues that directly contact DNA. These are distributed
throughout the N and C subdomains and the intervening
linker. Mutations affecting residues that lie at the DN A~
protein interface include N14S and G15W in the B turn
region; R23G and R35W in the N subdomain; P73L and
A76E in the linker; and R125C in the C subdomain. (Our
numbering scheme refers to the isolated paired domain
as shown in Fig. 1: The Pax6 protein has three additional
amino-terminal residues.)

Several other PAX6 missense mutants may affect fold-
ing or stability of the proteins. The mutants A30P, S40P,
and T60P introduce potentially disruptive prolines into
a helical regions. Mutations in the hydrophobic core of
the N subdomain (I39S and V50L) or in the hydrophobic
core of the C subdomain (I84R and V123D) may disrupt
the folding and stability of the protein. The R41Q mu-
tation changes an invariant residue in an « helical region
of the N subdomain. It is not clear from the structure
that the Q44R missense mutation would be disruptive,
and Arg occurs at this position in other Pax domains.
However, this mutation also alters the nucleotide se-
quence within a suboptimal PAX6 splice donor and is
thought to interfere with RNA splicing (I. Hanson and V.
van Heyningen, pers. comm.).

As more PAX6 missense mutations are analyzed, it
may become possible to correlate the position of a mu-
tant, and the relative effect of the mutation on DNA
binding, with the observed developmental defects. There
are intriguing trends in the current data. Thus, muta-
tions that are expected to completely abolish N subdo-
main function (A30P, S40P, V50L, and T60P) all result in
aniridia. Other missense mutations (such as R23G,
R35W, and P73L) retain partial DNA-binding activity
and less severe phenotypic effects (Tang et al. 1997; T.
Glaser, pers. comm.). It also is important to recognize
that C subdomain mutants could exert their biological
effects by altering binding by the 5a isoform, which
binds exclusively via the C subdomain (Epstein et al.
1994b).

Protein-protein contacts of paired domains

Paired domains can bind DNA cooperatively by interact-
ing with other DNA-binding domains such as the ho-
meodomain (Underhill et al. 1995; Jun and Desplan
1996; Sheng et al. 1997; Underhill and Gros 1997; Fortin
et al. 1997) and the Ets domain (Fitzsimmons et al. 1996).
Like Pax3, Pax4, and Pax7 proteins, the intact Pax6 pro-
tein contains a paired-type homeodomain, which is lo-
cated about 80 residues downstream of the paired do-
main. Although further data are needed to clarify the
respective roles of these domains in gene regulation,
some sites are cooperatively recognized by the paired
domain and the homeodomain. For example, DNA bind-
ing to the adhesion molecule L1 promoter requires both
the Pax6 paired domain and homeodomain, and foot-
printing experiments reveal that the homeodomain pro-
tects the DNA immediately adjacent to the binding site
for the Pax6 N subdomain (Chalepakis et al. 1994). Mod-
eling of the homeodomain and the Pax6 paired domain

Crystal structure of Pax6 paired domain-DNA complex

with this spacing shows that the homeodomain and the
Pax6 amino-terminal HTH unit can both dock in the
major groove, contacting opposite sides of the double
helix. The first § turn and the loop between helices 2 and
3 of the paired domain are closest to the homeodomain,
which has an amino-terminal arm reaching the paired
domain from the minor groove.

Recently, it has been shown that the Pax5 paired do-
main can recruit Ets DNA-binding domains to the Pax5
C subdomain DNA-binding site to form ternary com-
plexes on a B-cell-specific promoter (Fitzsimmons et al.
1996). The Pax6 paired domain also exhibits overlapping
DNA-binding specificity with Ets family members and
could also potentially interact (Plaza et al. 1994). The
structure and docking of Pax5 should be nearly identical
to Pax6: The C subdomains are 75% identical and all of
the DNA-contacting residues are conserved. In the B-cell
promoter, the Ets binding site is adjacent to the binding
site of the Pax5 C subdomain, and our structure provides
a plausible basis for modeling the relevant protein—pro-
tein interactions (Fig. 7). Modeling the Fli-1 Ets domain
(Liang et al. 1994) with the docking arrangement of the
PU.1 Ets domain (Kodandapani et al. 1996) indicates that
residues of the Ets recognition helix can pack against the

Figure 7. Proposed model for cooperative DNA binding of
Pax6 (red) with the Ets domain (yellow). In this model, protein—
protein interactions are mediated by the second and third heli-
ces of the Pax6 C subdomain with the third helix and the fol-
lowing hairpin region of Ets domain. The model was generated
by superimposing phosphates of the Pax and Ets (Liang et al.
1994; Kodandapani et al. 1996) complexes in a way that reflects
the relative spacing of the binding sites (Fitzsimmons et al.
1996). (The N subdomain is at the top, but the complex has been
rotated, relative to Fig. 2, around a vertical axis so that the
proposed contacts between Pax6 and Ets are easier to see.)
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second and third helices of the Pax6 C subdomain in
neighboring portions of the major groove. Tyrosine 341
of Ets would pack against Val-117 of Pax5, tyrosine 343
packs against Trp-97, and Asp-344 would form a charge
interaction with Arg-100. These proposed contacts are
consistent with the pattern of conserved residues and the
effects of mutations at this interface. The striking con-
servation of these residues also raises the possibility that
cooperative interactions with Ets domains may occur
with other paired domains.

Materials and methods

Protein and DNA preparation

A DNA fragment encoding residues 4-136 of the human Pax6
protein was expressed from the T7 promoter of the PET29b
vector (Novagen). As indicated in Figure 1A, this region in-
cludes the 128-residue paired domain and 5 subsequent residues
(just beyond the carboxy-terminal end of the conventional 128-
residue domain) that tend to be conserved in the Pax6 proteins
(Loosli et al. 1996). E. coli BL21(DE3) cells with this expression
vector and a pLys S plasmid were grown at 37°C, and induced,
after reaching ODgqo = 0.8, with 0.5 mm IPTG for 3 hr.. Cells
were harvested and resuspended (150 ml/10-liter culture) in
buffer A (40 mm HEPES at pH 7.5, 5 mm DTT, 1 mm EDTA)
with 200 mm NaCl, 1 pg/ml DNase I, and 1 pg/ml each of the
protease inhibitors pepstatin, aprotinin, benzamidine, and
PMSF. The resuspended cells were frozen at -80°C and lysed by
thawing at room temperature for 30 min. The lysate was cen-
trifuged at 30,000g for 30 min and the supernatant was diluted
with an equal volume of buffer A. The crude extract was pre-
cipitated by adding polyethyleneamine (at 4°C with vigorous
stirring) to a final concentration of 0.25% (wt/vol), and centri-
fuged 40 min later (30,000g, 15 min). The supernatant was
loaded onto an S-Sepharose column and eluted with a gradient
from 100 to 350 mM NaCl in buffer A. The paired domain eluted
between 200 and 250 mm NaCl. These fractions were pooled,
diluted with 4 volumes of buffer A, and loaded onto a 20 ml calf
thymus (double-stranded) DN A—cellulose column. The column
was washed with 100 ml of buffer A plus 100 mm NaCl. The
paired domain was eluted from this nonspecific DNA column
with a step of buffer A plus 200 mm NaCl and then was loaded
directly onto a 10-ml agarose column that contained about 10
mg of biotinylated Pax6 DNA bound to streptavidin beads. This
column was washed with 50 ml of buffer A plus 200 mm NaCl,
and the paired domain was eluted with 50 ml buffer A plus 1000
mm NaCl. At this stage, the affinity-purified protein gave a
single band on an overloaded SDS gel. To remove any DNA that
might be present in these samples, fractions containing the
paired domain were diluted with 4 volumes of buffer A, loaded
onto a heparin column, and eluted with a gradient from 200 to
600 mMm NaCl in buffer A. The final sample was then dialyzed
against buffer A, concentrated to 20 mg/ml, and stored at
-80°C.

DNA oligonucleotides used for crystallization were purified
with two rounds of reverse phase HPLC on C4 columns (trityl-
on and trityl-off) before annealing (Klemm et al. 1994). For io-
dinated oligonucleotides, the second HPLC column was re-
placed with a mono-Q column (Kim et al. 1993a), and the DNA
was eluted in a buffer containing 50 mm triethylammonium
acetate (pH 8.0) with a gradient of 500-700 mm NaCl.

Crystallization

Crystals were grown at room temperature with the hanging
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drop vapor diffusion method using ammonium acetate as a vola-
tile salt. When initially set up, the drops contained (1) 1 pl of 0.5
mM protein—-DNA complex and (2) 1 pl of the well buffer (40 mm
HEPES at pH 7.5, 10 mMm spermine, 10 mm DTT, 5 mm EDTA,
and 20% PEG-200) supplemented with 200 mM ammonium ac-
etate. The Pax6-DNA complex becomes less soluble at lower
ionic strength, and crystals grow (in Ol week) as ammonium
acetate diffuses out of the drop and into the well. Crystals that
diffracted beyond 2.5 A were obtained with the DNA duplex
shown in Figure 1C. A series of iodinated derivatives were pre-
pared by making DNA oligonucleotides in which different sets
of thymines had been replaced with iodo-uracil (Fig. 1C). For
data collection, crystals were transiently mixed with three vol-
umes of 30% PEG-200, then flash cooled in a stream of nitrogen
gas at about -160°C.

Structure determination and refinement

The crystals form in space group P2,2,2,, with a =33.84 A,
b=61.68 A, and ¢ = 171.11 A. Data were collected on a Rigaku
R-Axis image plate and were reduced, scaled, and merged with
Denzo and Scalepack (Otwinowski and Minor 1997). Deriva-
tives were prepared by substituting iodouracil for thymine at
specific positions in the binding site (Table 1), and data sets
from these cocrystals were local-scaled to the native data using
Maxscale (M.A. Rould, unpubl.). An initial set of phases had
been obtained by molecular replacement methods (using the Prd
N subdomain and 10 bp of DNA as a model). The positions of
heavy atoms were determined by difference Fourier methods,
and heavy atom parameters were refined with the MLPHARE
program of CCP4 (Collaborative Computational Project 1994).
The initial MIR map had a mean figure of merit of 0.79, and this
MIR map was further improved with solvent flattening and his-
togram matching as implemented in the DM program of CCP4.
The density-modified MIR map (Fig. 1D) showed clear density
for every DNA base and for almost every sidechain of the pro-
tein. Model building was done with TOM FRODO (M. Israel,
A.J. Chirino, and C.M. Cambillau, pers. comm.) and was facili-
tated by using the conserved regions of the Prd-DNA complex
as an initial starting point. Refinement was done with X-PLOR
(Briinger 1992a), repeatedly using positional refinement with
tightly restrained individual B-factor refinement, and using
simulated annealing OMIT maps to guide rebuilding. The free R
factor was used to monitor the overall progress of refinement,
and we found that a bulk solvent correction (Briinger 1992a)
significantly improved both the free and working R factors. Be-
fore the last cycle of refinement, local scaling of the observed
and calculated structure factors with Maxscale (M.A. Rould,
pers. comm.) was used to correct for absorption errors and an-
isotropic diffraction. The final model includes 84 water mol-
ecules, and each is in a position that allows at least one hydro-
gen bond with the protein or the DNA. The final model has an
R factor of 23.3% and a free R of 25.6% (with excellent stereo-
chemistry| for all data from 20-2.5 A resolution. All residues are
in allowed regions of the Ramachandran plot.
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Table 1. MIR phasing and refinement statistics (20.0-2.5 A)

Crystal structure of Pax6 paired domain-DNA complex

Derivatives
Native 1 2 3 4 5
Base pairs with iodouracil 12 + 14 2+4+12+ 14 1+2+12+14 1+2+12 1+12+ 14
Measured reflections 252,170 244,376 198,940 194,410 192,455 377,231
Unique reflections 13,002 12,806 12,332 11,011 12,353 12,969
Completeness (%) 99.3 97.2 93.1 86.1 94.4 99.0
Ryym (%) 3.9 5.5 4.7 5.1 4.9 4.9
Reuie 0.55 0.59 0.67 0.51 0.52
Refinement:
All data F> 20 Nonhydrogen atoms at complex: 2077
R 23.3% 22.6%
Riree 25.6% 24.1% Water molecules in model: 84
Protein DNA rms AB between bonded atoms: 3.3 A”
rms bond length (A) 0.009 0.009
rms bond angles (°) 1.344 1.627

(Roym) 2h2illy, ; - I1/3h3il;, ; where I, is the mean intensity of the i observations of reflection h.
(Cullis R-factor) 3||Fpy = Fpl=Fp; cazel /2|Fpg = Fpl (centric reflections only).

(Phas’ing pOWer) \/[EFh,calcz/E(FPH,obs - FPH,calc)z]

(Rivee) 2NF psl = IFoaidll /21 Fopsl, for a 10% subset of all reflections that were never used in crystallographic refinement (Briinger 1992b).
R-factor uses the same equation as Ry, but is calculated for those reflections (90%) used in crystallographic refinement (Briinger

1992b).
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