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ABSTRACT: The transcription regulatory protein PAX3 binds to cognate DNA sequences through two DNA-
binding domains, a paired domain and a homeodomain, and has important functions during neurogenesis
and myogenesis. In humans, mutations in the PAX3 gene cause Waardenburg syndrome, whereas a
chromosomal translocation that generates a PAX3—FOXO] fusion gene is associated with the development
of alveolar rhabdomyosarcoma. We have determined the crystal structure of the human PAX3 homeodomain
in complex with a palindromic DNA containing two inverted TAATC sequences at 1.95 A resolution.
Two homeodomains bind to DNA as a symmetric dimer, inducing a 3° bend in the DNA helix. The
N-terminal arm of the homeodomain inserts into the minor groove and makes direct and water-mediated
interactions with bases and the sugar—phosphate backbone. The recognition helix fits directly into the
major groove, and an elaborate network of structurally conserved water molecules mediates the majority
of protein—DNA interactions. The structure elucidates the role of serine 50 in selection of the CG sequence
immediately 3’ of the TAAT motif by PAX class homeodomains and provides insights into the molecular
mechanisms by which certain Waardenburg syndrome-associated missense mutations could destabilize

the fold of the PAX3 homeodomain whereas others could affect its interaction with DNA.

PAX3 belongs to the nine-member PAX family of meta-
zoan transcription regulatory proteins, which are character-
ized by the presence of a 128-residue DNA-binding module
at their N-termini, termed the paired domain (PD)"' (7, 2).
PAX3, PAX4, PAX6, and PAX7 contain an additional DNA-
binding motif located C-terminally with respect to PD, the
homeodomain (HD). During embryonic development, the
PAX3 gene is expressed in the central nervous system,
craniofacial tissue, trunk neural crest, and skeletal muscle
and plays critical roles in neurogenesis and myogenesis (/, 2).
Mice carrying mutations in the Pax3 gene have severe neural
tube defects and fail to develop limb muscle (/, 2). In
humans, mutations in the PAX3 gene cause Waardenburg
syndrome, an autosomal dominant condition characterized
by craniofacial abnormalities, deafness, and pigmentary
disturbances (3—9). A subset of Waardenburg syndrome-
associated missense mutations occur in the PAX3 HD (Figure
1A). Furthermore, the t(2;13)(q35;q14) translocation of PAX3

 This work was supported by a charitable gift from Mortimer B.
Zuckerman, Grants GM065520, DK062162, and AG021964 from
the National Institutes of Health, Grants DAMD170210300,
DAMDI170310563, W8I1XWHO0510622, and W81XWH0710178
from the U.S. Department of Defense, a grant from the Dystonia
Medical Research Foundation, and Temple Discovery Award
TLL035927 from the Alzheimer’s Association to J.A.A.L.

* The atomic coordinates and structure factors have been deposited
in the Protein Data Bank as entry 3CMY.

* To whom correspondence should be addressed: Harvard Institutes
of Medicine, 4 Blackfan Circle, Boston, MA 02115. Telephone: (617)
667-0064. Fax: (617) 975-5241. E-mail: johnladias@gmail.com.

! Abbreviations: A, adenine; C, cytosine; G, guanine; HD, home-
odomain; PD, paired domain; T, thymine.

10.1021/bi802052y CCC: $40.75

on chromosome 2 and FOXO! on chromosome 13 generates
the chimeric transcription factor PAX3-FOXO1 that contains
the PD and HD of PAX3 and the transcriptional activation
domain of FOXOI, and is associated with the development
of the pediatric muscle tumor alveolar rhabdomyosarcoma
(10).

The 60-residue HD is a conserved DNA-binding module
found in a large family of transcription regulatory proteins
that control patterning during embryogenesis and develop-
ment (/7). A number of studies elucidated the HD structure
and its mode of DNA recognition (/2—28). The HD fold
comprises three o-helices (a1, a2, and a3), connected by
short loops, and an extended N-terminal arm which is
disordered in the absence of DNA. Upon interaction with
DNA, the N-terminal arm inserts into the minor groove
making sequence-specific contacts, whereas the recognition
helix 03 fits into the major groove where it interacts with
bases in both strands of the DNA and the sugar—phosphate
backbone. Previous studies have pointed to the critical role
of the residue at position 50 (using the conventional HD
amino acid numbering) in specifying the sequence im-
mediately 3’ to the TAAT core, with Ser50 preferring
TAATYG, GIn50 selecting TAATYNR, and Lys50 recog-
nizing TAATCCG sequences, where Y is pyrimidine, R is
purine, and N is any nucleotide (26—28).

All HDs of the PAX/paired class have a serine at position
50 and bind cooperatively to DNA containing two inverted
TAAT motifs separated by either two base pairs (P2 site) or
three base pairs (P3 site), showing a stronger preference for
P2 elements (26). By contrast, the Drosophila paired HD
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FIGURE 1: (A) Sequence alignment of the HDs of human PAX3 (GenBank accession number NP_852122), PAX7 (NP_002575), PAX6
(NP_000271), and PAX4 (NP_006184) and Drosophila paired (NP_523556). The sequences were aligned using CLUSTAL W (38). Helices
are depicted as green cylinders. Identical amino acids in all sequences are shown as white letters on a blue background. Missense mutations
associated with the Waardenburg syndrome are shown at the bottom. (B) Sequence of the DNA fragment used in the cocrystallization with
the PAX3 HD. The TAAT core sequence is shown with red letters. (C) Stereoview of the PAX3 HD—DNA complex. The DNA is represented
as a stick model, and the a-helices of the two HDs are represented as brown and yellow cylinders. Carbon, nitrogen, oxygen, and phosphorus
atoms are colored gray, blue, red, and magenta, respectively. This figure was made using BOBSCRIPT (39) and POV-Ray (www.povray.org).

carrying the S50Q mutation exhibits increased cooperativity
for P3 sites but does not bind to P2 DNA (26). The structure
of the mutant paired HD(S50Q) bound to a P3 site revealed
that two HDs bind to DNA as a dimer, inducing an overall
bend of ~21° in the DNA (/5). However, the structural basis
for P2 recognition by wild-type PAX HDs has remained
elusive.

Here we present the crystal structure of the wild-type
PAX3 HD homodimer in complex with P2 DNA. The HD
adopts the canonical fold comprising three a-helices, with
the recognition helix fitting into the major groove. The
N-terminal arm inserts into the adjacent minor groove and
participates in DNA recognition and HD homodimerization.

The DNA is in nearly straight B-form, and a number of water
molecules mediate the majority of protein—DNA interactions.
The structure elucidates the role of Ser50 in selection of the
CG sequence 3’ to the TAAT motif by PAX class HDs and
illustrates how a number of missense mutations associated
with the Waardenburg syndrome adversely affect the struc-
ture and function of the PAX3 HD.

EXPERIMENTAL PROCEDURES

Protein Purification. A DNA fragment encoding the
human PAX3 HD (residues 219—278) was amplified using
the polymerase chain reaction and cloned into a modified
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pET-6H vector (29). The PAX3 HD protein carrying an
N-terminal hexahistidine tag followed by a tobacco etch virus
(TEV) protease site (ENLYFQIG) was expressed in Escheri-
chia coli BL21(DE3) cells grown at 37 °C until they reached
an absorbance at 600 nm of 0.6, followed by induction with
0.4 mM IPTG for 20 h at 20 °C. The cells were harvested
by centrifugation, resuspended in phosphate-buffered saline
supplemented with protease inhibitor cocktail tablets (Roche
Applied Science) on ice, and lysed on an EmulsiFlex-C3
homogenizer (Avestin). Soluble 6His-PAX3 HD protein was
purified on Ni-NTA resin (Qiagen), eluted with 200 mM
imidazole, and dialyzed against a buffer containing 50 mM
Tris-HCI1 (pH 8.0), 300 mM NaCl, 1 mM DTT, and 0.5
mM EDTA. The hexahistidine tag was removed by digestion
with TEV protease for 15 h at 4 °C, and the protein was
further purified by size exclusion chromatography on a
Superdex 30 column (GE Healthcare). The PAX3 HD protein
was concentrated to 14 mg/mL by ultracentrifugation.

Crystallization of the Protein—DNA Complex. Synthetic
DNA oligonucleotides with the sequences 5'-ACATAATC-
GATTAC-3" and 5-TGTAATCGATTATG-3" were pur-
chased from Genemed Synthesis and purified by HPLC,
resuspended in 5 mM HEPES (pH 7.5), 50 mM NacCl, and
0.5 mM DTT, mixed at an equimolar ratio, and annealed by
being heated to 95 °C for 10 min and slowly cooled to 4
°C. The annealed DNA was precipitated with 70% ethanol
and resuspended in water to a final concentration of 14 mg/
mL as judged by the absorbance at 260 nm. Equimolar
amounts of the double-stranded DNA and PAX3 HD protein
were mixed at 4 °C for 30 min, and the resulting complex
was crystallized in 19—22% polyethylene glycol 8000, 100
mM ammonium sulfate, 20 mM MgCl,, 15% 2-methyl-2,4-
pentanediol, and 50 mM HEPES (pH 7.6) at 20 °C by the
sitting drop vapor diffusion method. Crystals were flash-
frozen in a liquid nitrogen stream directly from the mother
liquor. Native data were collected on beamline X12B at the
National Synchrotron Light Source (NSLS), Brookhaven
National Laboratory (Upton, NY). The data were processed
and scaled using HKL.2000 (30). The crystals belong to space
group C222, with the following unit cell dimensions: a =
433 A, b =622 A, and ¢ = 92.6 A.

Structure Determination and Refinement. The structure was
determined by molecular replacement with MOLREP (37).
The protein atoms of the Drosophila paired HD(S50Q)
crystal structure (Protein Data Bank entry 1FJL), which
shares 85% sequence identity with PAX3 HD, were used as
the search model. The coordinates were subjected to several
cycles of simulated annealing in CNS (32), followed by
automated model building and location of water molecules
with ARP/WARP (33) in combination with manual inspection
of oa-weighted 2F, — F. and F, — F_ electron density maps
using COOT (34). The asymmetric unit contains one HD
molecule bound to a TAAT motif, and the complete complex
is generated by a crystallographic 2-fold rotation about the
a axis through the center of the P2 site. The DNA stacks in
two orientations, one “up” and one “down” with respect to
the ¢ axis. The os-weighted F, — F. map clearly indicated
the presence of mixed base pairs outside the palindromic
region and the pseudo-two-fold axis of symmetry. An
occupancy of 0.5 was assigned to each twin during refine-
ment. With the exception of Ala60, all HD residues are
clearly visible in the electron density map. The final model
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Table 1: Structure Determination and Refinement Statistics

30—1.95 (2.02—1.95)“

resolution range A)

wavelength (A) 1.000
no. of observed reflections 73662
no. of unique reflections 9726
completeness (%) 99.7 (100)“
redundancy 7.6 (6.7)"
Ryym (%)" 6.4 (58.4)"
overall (I/a(D)) 27.1 (3.0)*
Rcrya[ (%)C 17.2
Riree (%) 21.3
Ramachandran plot
most favored (%) 100.0
additionally allowed (%) 0.0
generously allowed (%) 0.0
disallowed (%) 0.0
bond lengths® (A) 0.01
bond angles® (deg) 1.53

“Values in parentheses are for the highest-resolution shell. ” Ry, =
YU — (I)/E(D), where I is the observed integrated intensity, (/) is the
average integrated intensity obtained from multiple measurements, and
the summation is over all observed reflections. ¢ Reryse = ZIFol — kIFCll/
YIF,l, where F, and F, are the observed and calculated structure factors,
respectively. ¢ Ry is calculated as Rerys using 5% of the reflections
chosen randomly and omitted from the refinement calculations. ¢ Bond
lengths and angles are root-mean-square deviations from ideal values.

was refined isotropically with TLS parameters in REFMACS
(35) and was validated using MolProbity (36). The structure
determination and refinement statistics are listed in Table 1.

RESULTS AND DISCUSSION

Structure Determination. We expressed the human PAX3
HD (Figure 1A) in E. coli cells and purified it to homogene-
ity, using a combination of affinity and size exclusion
chromatography. The protein was mixed stoichiometrically
with a P2 palindromic DNA (Figure 1B), and the resulting
nucleoprotein complex was crystallized using the sitting drop
vapor diffusion method. The structure was determined by
molecular replacement using the protein atoms of the paired
HD(S50Q)—DNA crystal structure (Protein Data Bank entry
1FJL) as the search model in space group P2,. Inspection
of the F, — F. electron density maps showed the presence
of mixed base pairs outside the palindromic region, indicating
a pseudo-two-fold axis of symmetry through the center of
the P2 site and perpendicular to the helical axis. The data
were reprocessed in the higher symmetry space group C222,
and refined to an Ry of 17.2% and an Ry, of 21.3% (Table
1).

Overall Structure of the Nucleoprotein Complex. Two HDs
bind to DNA in a head-to-head arrangement (Figure 1C).
The DNA molecules stack end-to-end, forming a pseudo-
continuous helix which runs parallel to the crystallographic
¢ axis. The PAX3 HD folds into a globular structure very
similar to that of other HDs (/12—25), comprising an extended
N-terminal arm (residues 1—9) that does not conform to any
secondary structure, and three a-helices, ol (residues
10—22), a2 (residues 28—38), and recognition helix a3
(residues 42—58) connected by short loops (Figure 1A,C).
Helices a1 and a2 are arranged in an antiparallel fashion
relative to each other and perpendicular to a3, which fits
into the major groove. The HD fold is stabilized by
hydrophobic interactions involving Phe8, Leul3, Leul6,
Phe20, Pro26, Leu34, Ala38, Leud0, Val45, Trp48, Phe49,
and Arg52. Hydrogen bonding between the side chain pairs
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FIGURE 2: (A) Electrostatic potential of the HD dimer bound to DNA. Electrostatic potentials were calculated with GRASP (40) and are
colored red (acidic, —10kgT), white (neutral, OkgT), and blue (basic, 10kg7). (B) Stick model of the HD dimer interface. One molecule
is colored yellow and the other brown. Water molecules are depicted as green spheres, and hydrogen bonds are depicted as dashed cyan
lines. Carbon atoms of the DNA are colored white. (C) Illustration of the bend imposed on the palindromic DNA region due to protein
binding. The bend angle was calculated using CURVES (47). (D) Least-squares superposition of the protein atoms of paired HD(S50Q)
bound to P3 (Protein Data Bank entry 1FJL) with the protein atoms of the wild-type PAX3 HD bound to P2. Ideal B-form DNA having
the same sequence as the P2 element was generated using 3DNA (42). This figure was made using PyMOL (www.pymol.org).

of Glul5 and Arg37, Glul7 and Arg52, Glul7 and Arg55,
and Glu42 and Arg31 also contribute to the stability of the
fold.

Dimer Interface. The HD dimer forms a continuous surface
that interacts with the DNA, burying ~900 A2 of area
between the protein chains and ~1800 A2 between the
protein and DNA (Figure 2A). The N-terminal arm of one
HD interacts with residues in the N-terminal regions of o2
and 03 of the other molecule of the dimer. The carbonyl
oxygen of GInl hydrogen bonds directly with the amide
nitrogen of Tle28 and through a water molecule with the N”!
atom of Arg31 (Figure 2B). The side chain of the conserved
Arg3 makes hydrogen bonds to Glu32 and Glu42 and
hydrophobic contacts with Ile28 of the neighboring HD. The
dimeric interface is further stabilized by van der Waals
interactions between the Ala43 methyl groups at the N-
terminal regions of the juxtaposed a3 helices.

Structure of the DNA. The DNA adopts a standard B-DNA
helix with a mean rise of 3.4 A per base pair and a mean
helical twist of 37.2°. An overall bend of 3° is caused by

protein binding (Figure 2C). Most of the HD—DNA struc-
tures described to date show a bend of 10—13° in the DNA,
whereas in the MATal/MATa2—DNA complex, there is a
60° bend (/4). Notably, the paired HD(S50Q) induces a bend
of 21° on the P3 DNA (/5), which is considerably larger
than that seen in the structure presented here (Figure 2D).
The dramatic differences in the DNA bend by the wild-type
PAX3 and paired(S50Q) HDs most likely account for the
differences in the electrophoretic mobilities of the two
nucleoprotein complexes (26).

Protein—DNA Recognition. HD residues Glnl, Arg2,
Arg3, Arg5, Thr6, Tyr25, Pro26, Arg31, Glu42, Argd4,
Vald7, Trp48, Ser50, Asn51, Arg53, and Arg57 mediate the
interactions with DNA (Figure 3A). The N-terminal arm of
the HD inserts into the minor groove and forms base-specific
interactions with the DNA. GInl forms a water-mediated
hydrogen bond with the T11” phosphate. The guanido group
of Arg2 forms an electrostatic interaction with T9’, a direct
hydrogen bond to A3, and water-mediated hydrogen bonds
to A2, A3, T4, T8, and T9” (Figure 3A,B). The N* and amide
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acids from the homodimeric partner are contained within a black box. Hydrogen bonds, nonbonded electrostatic interactions, and hydrophobic
interactions are depicted with dashed blue, orange, and green lines, respectively. Water molecules are depicted as numbered circles. (B)
Direct and water-mediated interactions involving positively charged side chains in the N-terminal arm of the PAX3 HD (shown as a ribbon
model) and bases in the minor groove of DNA (shown as a molecular surface). This figure was made with GRASP, POVSCRIPT (43), and
POV-Ray. (C) Stereoview of interactions of helix o3 with the major groove. A oa-weighted 2F, — F¢ electron density map calculated at
1.95 A and contoured at 1o is superimposed on the DNA (brown), selected HD amino acid chains (brown), and water molecules (green).

Atoms are colored as in Figure 1C. Hydrogen bonds are depicted as dashed cyan lines.

N atoms of Arg3 form water-mediated and direct hydrogen
bonds to the T4 phosphate, respectively. The guanido group
of Arg5 forms direct hydrogen bonds to the O2 atom of T1
and the 04" atom of its deoxyribose, and water-mediated
hydrogen bonds to the N3 atom of A10” and the O4” at-
om of the T11” sugar (Figure 3A,B). The amide N and O”!
atoms of Thr6 hydrogen bond with the sugar O3’ and
backbone O2P atoms of A2 and A3, respectively. The
hydroxyl group of Tyr25 forms a hydrogen bond with the

O1P atom of G6". The side chains of Arg31 and Glu42 from
the homodimeric partner form direct and water-mediated
hydrogen bonds to the T4 phosphate, respectively, whereas
the carbonyl oxygen of Pro26 forms a water-mediated
hydrogen bond to the C5 phosphate.

In the recognition helix, the guanido group of Arg44 makes
a direct hydrogen bond to the O1P atom of A3 and a water-
mediated hydrogen bond to the O1P atom of T4, whereas
the carbonyl oxygen of Arg44 makes a water-mediated
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hydrogen bond to the O1P atom of A3. The isopropyl group
of Val47 makes a conserved hydrophobic interaction with
the methyl group of T4. The N¢' and carbonyl oxygen atoms
of Trp48 make water-mediated hydrogen bonds to the A2
phosphate, whereas the N¢ and N”? atoms of Arg53 hydrogen
bond to the O2P atom of G6”. Importantly, the O” atom of
Ser50 makes a direct hydrogen bond to the N7 atom of G6
and a water-mediated hydrogen bond to the N°® atom of A7’
(Figure 3A,C), thereby providing the structural basis for
selection of the sequence CG 3’ to the TAAT core by the
PAX3 HD dimer. By contrast, in the crystal structure of the
paired HD(S50Q), the side chain of Q50 makes a hydro-
phobic contact with the methyl group of the T4 base at the
center of the P3 site, thereby stabilizing the interaction with
the DNA (/5). In the structure presented here, the S50Q
mutation would introduce a clash between the N’ atom of
C5’ and the hydrophobic portion of the GIn50 side chain
that would interfere with DNA binding, as described previ-
ously (26). The invariant Asn51 makes several interactions
with the DNA. The O°' and N°? atoms of Asn51 make two
strictly conserved hydrogen bonds to the N6 and N7 atoms
of A3, respectively. The O°' atom also makes water-mediated
hydrogen bonds to the N6 atoms of A2 and A7’, whereas
the N°2 atom makes a water-mediated hydrogen bond to the
O1P atom of A2, differing from the paired HD(S50Q) whose
Asn51 interacts with T4 via its amide oxygen and a water
molecule (15).

In contrast to other HDs that have a large hydropobic
residue (methionine or isoleucine) at position 54, the PAX,
paired, engrailed, and Msx-1 HDs have an alanine, which
creates a cavity between the protein and the DNA. This
cavity is occupied by a largely conserved network of water
molecules. In the structure presented here, the carbonyl
oxygen of Asn51 interacts with A2 via two water molecules
that are conserved in the paired(S50Q) (/5) and Msx-1 (21)
HD—DNA complexes. In the PAX3 and paired(S50Q) HDs,
the side chain of Arg57 replaces a water molecule found in
Msx-1 and fulfills the hydrogen bonding pattern of the
network (Figure 3C). The N”? atom of Arg57 also hydrogen
bonds with A7" through two water molecules that have
equivalents in the paired(S50Q) HD—DNA complex. This
flexible water network accommodates the changes in the
DNA geometry imposed by protein binding.

Disease-Associated Mutations in the PAX3 HD. Missense
mutations in the HD that cause Waardenburg syndrome
include R5Q, F20S, Y25S, V47F, W48C, F491, R52C, R53C,
R53G, and R53H (3—9). All involve substitutions of highly
conserved amino acids, and most of them are located in the
recognition helix (Figure 1A). On the basis of the PAX3
HD—DNA atomic model, these mutations can be grouped
into those that could be predicted to have detrimental effects
on the stability of the HD fold (F20S, W48C, F491, and
R52C) and those that could affect the interaction of the HD
with DNA (R5Q, Y25S, V47F, R53C, R53G, and R53H)
(Figure 4).

The phenyl group of the conserved Phe20 protrudes into
a hydrophobic pocket composed of the His24, Trp48, Phe49,
Trp56, and Arg52 side chains and has a structural role in
the protein core. The F20S mutation introduces a small
hydrophilic side chain, which could likely disrupt the
hydrophobic pocket and destabilize the protein fold. A similar
effect on the stability of the fold would be predicted for the
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FIGURE 4: Mapping of Waardenburg syndrome-associated missense
mutations on the PAX3 HD structure. The side chains of Ser20,
Cys48, 11e49, and Cys52 that could destabilize the hydrophobic
core are shown as green ball-and-stick models. The side chains of
GIn5, Ser25, Phe47, and His53 that could affect the PAX3
HD—DNA interaction are shown as red ball-and-stick models. This
figure was made using POVSCRIPT and POV-Ray.

substitution of the bulky indole ring of Trp48 by the smaller
and hydrophilic sulfhydryl group in the W48C mutation.
Likewise, replacement of the phenyl ring of Phe49 with the
smaller side chain of isoleucine in the F491 mutation would
create a void that could affect the packing of the protein
interior. It is noteworthy that the short isopropyl side chain
of Val49 in the MATa2 HD is compensated by the large
indole group of Trp19 (12, 14). In contrast, the methyl group
of Alal9 in the PAX3 HD cannot fill the void in the
hydrophobic pocket generated by the F491 mutation. Simi-
larly, the aliphatic portion of the Arg52 side chain makes
hydrophobic contacts with Trp48 and Phe20 that contribute
to the stability of the protein interior, and its replacement
with the sulthydryl group in R52C would be predicted to
destabilize the fold. The guanido group of Arg52 also forms
a hydrogen bond with the side chain of Glul7, and the loss
of this hydrogen bond would have an additional destabilizing
effect on the HD structure.

The R5Q mutation replaces the guanido group of Arg5,
which makes extensive electrostatic and hydrogen bonding
interactions in the minor groove, with a shorter side chain
that would fail to make similar contacts, resulting in a lower
binding affinity for DNA. Likewise, the Y25S mutation
would abolish the conserved hydrogen bond between the
hydroxyl group of the tyrosine and the sugar—phosphate
backbone. Replacement of the Val47 isopropyl group with
the bulkier phenyl ring in the V47F mutation would result
in steric hindrance with T4 and abolish DNA binding, as
described previously (37). Mutation of Arg53 to glycine,
histidine, or cysteine would eliminate the hydrogen bonds
from the N”? and N¢ atoms to G6 and lead to destabilization
of a highly conserved interaction with DNA. Indeed, the
R53G mutation completely abrogates DNA binding (37).

Conclusions. This work describes the first high-resolution
structure of a wild-type HD from a PAX family member
bound to a P2 DNA element and elucidates the structural
basis for specificity and affinity of this interaction at the
atomic level. The PAX3 HD binds to the P2 site without
significant bending of the DNA. The Ser50 residues of the
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dimeric HDs interact with G6 and G6’, thereby providing
the structural basis for the preference of a CG sequence
between the inverted TAAT motifs. Most of the PAX3
HD—DNA interactions involve intervening water molecules,
suggesting that significant conformational changes in the
DNA can be accommodated while still maintaining the base-
specific interactions. Importantly, this structure provides a
mechanistic explanation of how Waardenburg syndrome-
associated missense mutations lead to destabilization of the
HD fold or affect its interaction with DNA.
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