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Abstract

NKX2.5 is a homeodomain containing transcription factor regulating cardiac formation and
function, and its mutations are linked to congenital heart disease. Here we provide the first report
of the crystal structure of the NKX2.5 homeodomain in complex with double-stranded DNA of its
endogenous target, locating within the proximal promoter –242 site of the atrial natriuretic factor
gene. The crystal structure, determined at 1.8 Å resolution, demonstrates that NKX2.5
homeodomains occupy both DNA binding sites separated by five nucleotides without physical
interaction between themselves. The two homeodomains show identical conformation despite the
differences in the DNA sequences they bind, and no significant bending of the DNA was
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observed. Tyr54, absolutely conserved in NK2 family proteins, mediates sequence-specific
interaction with the TAAG motif. This high resolution crystal structure of NKX2.5 protein
provides a detailed picture of protein and DNA interactions, which allows us to predict DNA
binding of mutants identified in human patients.

Congenital heart diseases (CHD) are the most common types of birth defects affecting
approximately 40 000 infants in the United States each year. Multiple factors, both genetic
and environmental, are implicated in its pathology (reviewed in ref 1). Molecular and
genetic analyses revealed that mutations in transcription factors such as Nkx2.5, Tbx5, and
Gata4 are linked to CHDs (refs 2–4; these studies are reviewed in ref 5). Mutations in the
cardiac transcription factor, NKX2.5, in particular, are identified in one to a few percent of
CHD patients and have been associated with atrial and ventricular septal defects and
atrioventricular (AV) conduction block.6

NKX2.5 was first discovered as a homologue of tinman, a Drosophila cardiac transcription
factor. It shows high expression in early heart progenitor cells and is involved in cardiac
development and maturation (reviewed in ref 7). While heterozygous mutations of NKX2.5
are linked to CHDs, loss of NKX2.5 results in embryonic lethality in murine models.8,9

Expression of NKX2.5 persists through adulthood, and conditional knockout experiments
showed that, in addition to embryonic expression required for normal heart development,
NKX2.5 is needed for maintenance of the conduction system in perinatal mice.10,11

The NKX2.5 protein is a member of the NK2-family of transcription factors and contains a
homeodomain (HD), an evolutionarily conserved protein that recognizes and binds to a
specific DNA sequence.12 In addition to the HD, NKX2.5 (324 amino acids long in human)
contains N- and C-terminal regulatory domains (Figure 1A). The HD is centrally located at
amino acid positions 138–197 and is involved in nuclear translocation and interaction with
other transcription factors as well as DNA binding.3,13–17 In this report, the amino acid
residues of HD are numbered based on the conventional HD numbering scheme by which
residues 138–197 of NKX2.5 correspond to 1–60 of the HD (Figure 1B). Of the 20 missense
point mutations in NKX2.5 identified to date, 9 are located in the 60 amino acid long
HD,3,18–21 underscoring its functional importance (Figure 1B).

The HD of NKX2.5 protein is highly homologous to that of other NK class protein members
(55–90% homology) and binds to a consensus DNA motif, AAGTG (Figure 1A,B). Recent
studies using high-throughput microarray platforms extended the recognition profile of
NKX2.5 to include TT at its 5′ terminal (TTAAGTG).22 A well-known NKX2.5
downstream target gene, atrial natriuretic factor (ANF), contains several potential NKX2.5
binding sites in its promoter region including –242 from the transcription start site
(ANF-242). The ANF-242 region contains two palindromic NKX2.5 binding motifs
separated by five nucleotides (Figure 1C).14 Occupation of both binding sites by NKX2.5 in
vitro has been previously reported, and NKX2.5 functions as a homodimer at this region.
Homodimeric interaction of NKX2.5 was shown to be mediated through its C-terminal
regulatory domain.16 Using chromatin-immunoprecipitation-based techniques, the proximal
promoter region, which includes ANF-242, has been confirmed as an in vivo binding site of
NKX2.5.23

To understand the molecular basis of the pathological mechanisms of the NKX2.5 mutations
manifested in CHDs, we have determined the three-dimensional structure of the NKX2.5
HD in complex with the double-stranded DNA fragments of ANF-242. Among various NK2
class proteins, the NMR structures of Drosophila vnd/NK2 HD and rat NKX2.1 HD are the
only three-dimensional structures determined to date,24,25 and currently no crystal structure
of NK family protein is available. The high resolution (1.8 Å) structure of NKX2.5 HD
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reported here provides a detailed picture of protein and DNA interactions. In addition,
disruptions of DNA binding in the CHD related mutants were analyzed using structural
models of mutants built based on the crystal structure of the NKX2.5 HD.

MATERIALS AND METHODS
Protein Expression, Purification, and Crystallization of NKX2.5HD/DNA

Construction of the E. coli expression plasmid and purification of NKX2.5 HD was
previously described.26 Briefly, an NKX2.5 HD construct expressing residues 137–197 with
oxidizable Cys193 (56 of HD) substituted with Ser was generated. The NKX2.5 HD (C56S)
protein was expressed as a maltose-binding protein (MBP) fusion protein using pMAL-c2
expression vector (New England Biolabs) and was first purified by affinity chromatography
using an amylose-agarose column (New England Biolabs). The MBP-tag was removed by
TEV protease, and the protein was further purified using a cation exchange column. Purified
NKX2.5 HD protein was mixed with the 19 base-pair long DNA oligonucleotide
(TGAAGTGGGGGCCACTTGA/TCAAGTGGCCCCCACTTCA), and the protein/DNA
complex was purified using size exclusion chromatography. The protein/DNA complex
solution was concentrated to the final protein concentration of 10 mg/mL.

Among several forms of NKX2.5 HD/DNA crystals, the best diffracting crystals were
grown by vapor diffusion in hanging drops containing 1 μL of 50 mM Tris pH 7.0, 5 mM
MgCl2, 15% polyethylene glycol monomethylether 550, and 1 μL of NKX2.5 HD(C56S)/
DNA solution.

X-ray Data Collection
For data collection, crystals were flash-frozen in cryosolution containing 50 mM Tris pH
7.0, 5 mM MgCl2, 15% polyethylene glycol monomethyl ether 550, and 30% 2-methyl-2,4-
pentanediol. The X-ray diffraction data were collected at various synchrotron sources
including the 22-ID beamline of the South East Regional Collaborative Access Team (SER-
CAT) facility at the Advanced Photon Source, Argonne National Laboratory, the A-1
beamline of Cornell High Energy Synchrotron Source at Cornell University, and the X-29
beamline of National Synchrotron Light Source at Brookhaven National Laboratory. The
data were indexed and processed using HKL2000.27

Structure Determination
The long, rod-shaped crystals of the NKX2.5 HD (C56S)/DNA complex diffracted to 1.8 Å
resolution at APS 22-ID beamline in Argonne National Laboratory synchrotron sources. The
crystal belongs to the hexagonal space group P65 with high merohedral twinning fractions
(0.47). On the basis of the unit cell dimensions and the molecular mass of the NKX2.5
HD(C56S)/DNA complex, two HD domain and a 19-bp double-stranded DNA were
expected in an asymmetric unit with a solvent content of 58% (VM = 2.61 Å3 Da−1).28 The
structure was determined by molecular replacement using the program, Phaser29 and the
crystal structure of the MSX-1 transcription factor HD/DNA complex (PDB ID 1IG7)30 as a
search model. The DNA in the MSX-1 model was trimmed to 8 base pairs to exclude any
flexible regions in the structure. The initial search revealed two unambiguous solutions for
the HD/DNA complexes. When the model was positioned in a unit cell, a pair of DNA
molecules related by noncrystallographic symmetry formed a continuous helix. Subsequent
iterative rounds of structural refinement were carried out using TWIN options of rigid body,
simulated annealing, conjugated-gradient energy minimization, and B-factor refinement of
the Crystallography and NMR System program suite (CNS),31 followed by manual
rebuilding using the program COOT.32 The final model was validated using Molprobity.33
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Building Models for the CHD Related NKX2.5 HD Mutants
A total of five NKX2.5 HD mutants linked to CHDs, Q50H, N51K, R52G, R53H, and Y54C
were modeled based on NKX2.5 HD (C56S)/DNA structure using the program interface
model.34 The wild type structure was energy-minimized using the model minimization
option of the CNS program.31 Mutations were introduced to the energy-minimized model,
and the lowest energy conformational rotamers of residues near the mutated residues were
selected using the Monte Carlo procedure described in the previous report.34

Calculation of Intraprotein and Protein–DNA Interaction Energies for CHD-Related Mutants
Free energies for intraprotein and protein–DNA interaction of the NKX2.5/DNA complex
were calculated using the NKX2.5 HD model and mutant models built as described in the
previous section. The program, interface model, was used for the calculation.34 The energy
was computed using the all-atom energy function based on the AMBER param98 force-
field35 combined with additional hydrogen bond terms.34

RESULTS AND DISCUSSION
Overview of NKX2.5HD/ANF-242 Complex

The crystal structure of NKX2.5 HD C56S/ANF-242 DNA complex was solved at 1.8 Å
resolution. In order to prevent oxidization of the protein, Cys56 to Ser (C56S) mutation was
introduced, which will not affect binding, and the mutant protein showed stable folding
characteristics.36 Data collection and final refinement statistics are summarized in Table 1.

The model includes 19 base-pair ANF-242 DNA and two molecules of NKX2.5 HD
comprising residues 137–195, which correspond to 1–57 in HD numbering with an
additional N-terminal amino acid (Figures 2A and 1B). Two molecules of NKX2.5 HD
show an identical structure with an overall rmsd of Cα atoms of 0.22 Å. The HD adopts a
canonical HD fold formed by three α-helices and the N-terminal arm (residues 1–9), located
upstream of helix α1 (Figure 2A). Two N-terminal helices, α1 (residue 10–22) and α2
(residues 28–38), run antiparallel to each other and position α3 (residues 42–58) to the
major groove of the DNA.

The NK2 family HD is well folded even in the absence of DNA36,37 probably because of a
well-formed hydrophobic core composed of Phe8 in the N-terminus; Leu16 and Phe20 from
α1; Leu26 from α1-α2 loop; Leu34 and Leu38 from α2; Leu40 from α2-α3 loop; Val45,
Trp48, Phe49 and Arg52 from α3 (Figure 2B). All helices are further stabilized by “N-
capping” similar to that previously observed in the NMR structure of vnd/NK2.24 In α1, the
Oγ of Ser9 and backbone amide of Gln12, and Oε of Gln12 and backbone amide of Ser9
make hydrogen bonds thus reducing the helix dipole. Similar double hydrogen bonds were
observed in α3 between Oγ and the backbone amide of Thr41 and the backbone amide and
Oε Gln44, respectively. The Oγ of Ser27 at the N-terminus of α2, on the other hand, does
not make a hydrogen bond with the backbone amide of Glu30, but Oε of Gln30 hydrogen
bonds with the backbone amide of Ser27. Ser27 was shown to be phosphorylated by casein
kinase II in vivo,13 and its Oγ is readily accessible from the surface for such a modification.
N-capping plays an important role in stabilizing the HD, and the residues involved in N-
capping are highly conserved throughout NK2 family proteins (Figure 1B).

The ANF-242 DNA structure shows three distinct conformational segments (Figure 1C).
The two NK binding DNA motifs (TGAAGTG/TCAAGAG) show a primarily B-form
structure with values for mean rise of 3.3–3.4 Å and twist of 34–35° per base pair. The five
base-pair spacer region shows an intermediate of A- and B-form DNA with a mean rise of
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3.1 Å and twist of 33 Å. Both NK binding motifs show overall bending of 3°, considerably
smaller than bend angles observed in other HD-DNA structures.38,39

The ANF-242 DNA contains two NK binding motifs, (TGAAGTG/TCAAGAG), in a
palindromic arrangement separated by a five-base pair long spacer region (Figure 1C).
NKX2.5 HDs occupy the NK motifs on the same face of the DNA with 180° rotational
symmetry as was seen in Figure 2A. NKX2.5 shows synergistic and cooperative binding as
a homodimeric complex, and homodimeric interactions were shown to be mediated through
the C-terminal domain.16 Our structure lacking the C-terminal domain shows no physical
interactions between the two HDs. Previous experiments with Tinman, an ortholog of
NKX2.5 in Drosophila, showed that the homodimeric protein functions optimally when a six
base pair long spacer is placed between the two NK binding motifs. Shorter (3 base pairs) or
longer (10 base pairs) spacers reduced transcriptional activation by Tinman.40 NKX2.5 HDs
bound at the palindromic sites are positioned at the same side on a helical DNA with a half a
helical turn spacer (5–6 base pairs), and this spatial arrangement may be important for
homodimeric interactions mediated by the C-terminal domain.

In addition to the homodimeric interaction, NKX2.5 is involved in combinatorial
interactions with other core cardiac transcription factors to regulate heart development. The
HD domain is involved in interactions with TBX5, one of the master cardiac transcription
factors.15,16 Since the interprotein interaction can vary among NK2 family members, less
conserved residues positioned at the surface of the protein function are expected to serve as
sites for such interactions. Residues Gln10, Tyr14, Lys21, Gln33, Val37, and Lys39 belong
to this category.

NKX2.5 HD-DNA Interactions
Interactions between the DNA and HD are mediated through residues from three regions of
the HD: N-terminal extension, the loop connecting α1 and α2, and helix α3 (Figure 3A,B).
Arg5, Val6, and Phe8 of the N-terminal extension interact with the DNA through the minor
groove (Figure 3C). Among them, only Arg5 makes contacts with the DNA base. It makes
hydrogen bonds to T1 and G2 bases and interacts with A19′ and C18′ bases through water
molecules. The Arg5 of the second molecule in the unit cell also interacts with T1′ and C2′
bases. Therefore, the first two bases of the NK element (TG/C/TAAGTG) are recognized by
Arg5. Arg5 is highly conserved among HD members (Figure 1B), and in other HDs such as
Antp, en, and oct1, the conserved Arg5 interacts with various bases at these positions: CT,
GT, GT, and CA, respectively.41–46 The flexible side chain of Arg5 may accommodate
various conformations of DNA and may not be a determining factor for DNA sequence
specificity. Regardless, high-throughput microarray studies report that TT is preferred at this
position by NKX2.5.22

Backbone amide and carboxyl groups of Val6 and Phe8 interact with DNA backbone
phosphate (A3 and A4) through water molecules. Lys3, which was shown to contact the
DNA in the vnd/NK2 NMR structure, does not participate in DNA interaction.24 The N-
terminus of NKX2.5 HD is involved in crystallographic contact in our structure, and the
Arg1, Arg2, and Lys3 make extensive contacts with neighboring DNA.

Tyr25, Leu26 of α1-α2 loop and Arg31 of α2 interact with DNA backbone phosphate
groups. The hydroxyl group of Tyr25 makes a hydrogen bond with the O2P atom of C13′,
and the backbone amide group of Leu26 with O1P of C12′ by a water mediated interaction
(Figure 3A,B). The Nε of Arg31 interacts with the C11′ O2P atom through a salt bridge.
Tyr25 and Arg31 serve as interaction points at the 3′ side of the NK2 recognition motif, and
both residues are highly conserved throughout the HD proteins.
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The majority of the HD-DNA interactions are mediated by helix α3 through residues Gln44,
Lys46, Ile47, Gln50, Asn51, Arg53, Tyr54, Lys55, and Lys57. Figure 3D shows residues on
the N-terminal side of the helix α3 (amino acid residues 44–49). The ε-amide group of the
Gln44 makes a hydrogen bond with the phosphate of A4, and its main chain carbonyl group
also makes water-mediated hydrogen bonds with the A3 and A4 phosphates. Lys46 interacts
with phosphate groups of C11′ and C12′ through the ε-amide group and the main chain
carbonyl group, respectively. The side chain of Trp48 folds back into the hydrophobic core
but Nε1 of the indole ring participates in a water-mediated hydrogen bond with the A3
phosphate group. Ile47 does not make hydrogen bonds but its side chain is within van der
Waals interaction range of the A3 base.

Interactions between the DNA and the C-terminal segment of helix α (amino acid residues
50–57) is shown in Figure 3E. Residues Gln50, Arg53, and Lys57 are involved in
interactions with backbone phosphate groups: Gln50 to C12′ and C13′ through the terminal
and the main chain carbonyl group, respectively; Arg53 also to C12′ and C13′ through its
guanidine group; Lys57 to A14 using the ε-amino group. Gln50, in addition, makes van der
Waals contacts with the C13′ base. Asn51 and Tyr54 make extensive interactions with DNA
bases. The δ-carbonyl group of Asn51 hydrogen-bonds with the N6 atom of A4 and also
interacts with the C15′ N4 atom through a water molecule. The δ-amide group of Asn51
interacts with the A4 base (N7 atom) and a phosphate group through a water-mediated
hydrogen bond (Figure 3E).

Tyr54 is uniquely conserved in all NK2 family proteins but not in other HDs. It is not
involved in hydrogen bonding but within van der Waals interaction ranges of the DNA. It
bonds with the bases of A14′ and C15′. Figure 3F,G shows Tyr54 and interacting DNA
residues. Tight shape complementarity can be observed between the Tyr54 side chain and
the bases of A14′ and C15′. The DNA residues, A14′ and C15′, are complementary to the
fifth and sixth residues of the NK2 element (TG/C/TAAGTG). The majority of other HD
proteins contain Ala or Met at this position and recognize DNA motifs containing
TAAT.41–48 NK2 family proteins uniquely show high affinity to the TAAGT sequence, and
mutation to Met at this position reduces affinity by 10-fold.49 This shows that Tyr54, which
is invariant in NK2 family proteins, is responsible for the NK2-specific DNA sequence
recognition.

The DNA binding interaction described here is in agreement with the NMR structure of vnd/
NK2 HD in complex with DNA.24,50 In the NMR structural analyses, Lys3, Arg5, Ile47,
Gln50, Asn51, and Tyr54 were shown to be involved in DNA base contact, and in our
crystal structure, these residues also make DNA base contacts except Lys3, which is
involved in crystallographic interaction with neighboring DNA.24,50 In addition, the long-
lived water molecules observed in NK2/DNA complex structures are also present in our
structure which includes W1, W2, W3, W7, W9, and W13 shown in Figure 3C–E.51 All the
residues making DNA contacts are well conserved in NK2 family proteins and their
mutations result in pathological phenotypes (Figure 1B).

Congenital Heart Disease Related Mutations in NKX2.5 HD
Missense mutations of NKX2.5 HD linked to cardiac pathology are summarized in Figure
1B (reviewed in ref 52). To understand the effect of these mutations, free-energy differences
of several selected mutants from the wild type were calculated and compared.34 The mutant
models were generated based on the NKX2.5 HD/ANF-242 crystal structure, energy
minimized, and used for the calculation. Free energies of intraprotein interaction and HD-
DNA interaction were computed and the relative ΔG from the wild type was calculated.
Solvent molecules were not included in the calculation for simplicity. Table 2 shows varying
degrees of ΔG in the selected mutants.
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The crystal structure shows that the side chains of Arg5, Gln50, Asn51, Arg53, and Tyr54
make direct contacts with the DNA (Figure 3C–G), and mutations in these residues such as
R5C, Q50H, N51K, R53H, R53C, and Y54C are likely to affect DNA binding. Among
them, ΔG of N51K, R53H, and Y54C but not Q50H showed a decrease in DNA binding
(increase in ΔG) (Table 2). Q50H shows basically the same binding as the wild type. In the
mutant model, the hydrogen bond between the Nε of Gln50 and O6 of G5 in wild type
protein is replaced with an equivalent hydrogen bond between Nε of His50 and the
phosphate group of C12′. The more drastic energy change was observed with intraprotein
interaction than in DNA binding with N51K, R53H, and Q50H mutants. In the Q50H
mutant, unlike DNA binding, folding is negatively affected by the mutation, resulting in an
increase in overall ΔG (Table 2). The Asn51 and Arg53 are involved in DNA binding, but
their mutations also reduce intraprotein interactions (Table 2). The energy-minimized model
of N51K shows that, to accommodate a longer Lys at position 51, the side chain of Lys55
assumes an alternate conformation. Compared to the wild type, the protein ends up losing
two intraprotein hydrogen bonds in addition to several van der Waals interactions (Figure
4A). Therefore, the bulk of energy loss in N51K stems from reduced intraprotein interaction.
R53H shows a similar trend. The side chain of Arg53 makes intraprotein interactions, which
include a salt bridge with the Arg24 carbonyl group and amino–aromatic interactions with
Tyr25, which are lost in the R53H mutant (Figure 4B). Disruption in intraprotein
interactions causes an increase in free energy in these mutants compared to the wild type.

Members of the next group of mutants such as L34P, T41M, W47L, and R52G do not
directly contact DNA. These residues are, however, important in stabilizing the protein
structure, and thus their mutations significantly change overall energy. Thr41 participates in
“N-capping” of helix α3, and T41M is expected to destabilize the helix. Leu34, Trp48, and
Arg52 make up parts of the hydrophobic core and their mutation will destabilize the whole
HD, which is detrimental to its function. The effect of core-destabilizing mutants seems
more serious than mutations that affect only DNA binding. R52G mutations show the
highest overall energy difference among the mutants selected for energy calculation (Table
2). In wild type vnd/NK2, this position is occupied by His. Using the circular dichroism
technique, H52R mutation in vnd/NK2 was shown to increase thermal stability of the
protein.49 This demonstrates that Arg52 functions to stabilize the protein.

DNA binding of the mutant NKX2.5 proteins, R5C, L34P, T41M, Q50H, N51K, R52G,
R53H, and Y54C, has been previously analyzed using electrophoretic mobility shift assay
(EMSA).21,53 All the mutants showed a range of reduction in DNA binding. R5C, T41M,
Q50H, and Y54C showed ~10–102 fold reduction compared to the wild type, N51G, ~103

fold reduction, and for L34P, R52G and R53H, DNA binding was not detectable.21,53 These
results are in agreement with our ΔG calculation data and structure based analyses.

The energy difference between the wild type and a mutant can be expressed as ΔGM − ΔGW
= −RT ln (Keq M/Keq W) where ΔGM is free energy of mutant, ΔGW, free energy of wild
type, R, the ideal gas constant, T, absolute temperature, and Keq, equilibrium constant,
respectively. On the basis of this, ~1–3.5 kcal M−1 differences in the energy translates to
~10–102 fold differences in Keq (R = 1.99 cal K−1 M−1, K = 310 K). The EMSA results
show that Q50H and Y54C with 1.1 and 3.49 kcal M−1of ΔG differences also show ~10–102

fold decrease in binding efficiency. On the other hand, the R52G and R53H mutants show
large free energy changes by the energy calculation (Table 2), and correspondingly the
EMSA results put R52G and R53H among the poorest DNA binders.21,53

The homeodomain is an evolutionarily conserved DNA binding domain. Through evolution,
this compact protein is optimized for its function, and each residue is strategically placed for
DNA binding and multiple layers of regulation. Many residues involved in DNA binding
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also tend to be involved in conformational stabilization, and a mutation in these residues can
be detrimental not only for DNA binding but also for protein stability as was seen with
pathological NKX2.5 mutants (Table 2).

CONCLUSIONS
We report the first high-resolution crystal structure of NK2 family HD bound to an in vivo
target DNA. The structure provides the atomic basis for specificity of protein and DNA
interactions. As in previously reported HD structures, the N-terminal extension and helix α3
make the majority of the DNA–protein interactions, but the NK2-specific sequence
recognition seems mediated by conserved Tyr54, which showed tight shape
complementarity with the DNA sequence. Although two HDs were bound to both
palindromic sites, physical interactions between the two HDs were not observed. The C-
terminal domain, absent in our structure, was shown to be important for homodimeric
interactions, and the spatial organizations of the two HDs bound to the DNA may enable
such dimeric interactions. Furthermore, this structure provides the structural foundation that
allows us to predict disruptions in protein–DNA binding caused by pathological mutations
identified in human CHD patients.
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ABBREVIATIONS USED

A adenine

ANF atrial natriuretic factor

C cytosine

CHD congenital heart disease

EMSA electrophoretic mobility shift assay

G guanine

HD homeodomain

T thymidine
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Figure 1.
The schematic diagram of NKX2.5, NK family HD sequence alignment and ANF-242 DNA
sequence. (A) A schematic model of NKX2.5. Both N-terminal (1–137) and C-terminal
(198–324) domains contain A/P rich sequences and HD (138–197) is centrally located. (B)
Sequence alignment of NK family HD domains. The numbering is based on the
conventional HD numbers where NKX2.5 138–197 corresponds to HD residue 1–60.
Secondary structure elements are represented using cyan cylinders for α-helices and black
lines for coils on top of the sequences. Missense mutations identified in NKX2.5 HD were
shown below the sequences. (C) ANF-242 DNA sequence used for the structural study.
Palindromic NK2 elements are shaded in cyan.
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Figure 2.
Overall structure of NKX2.5 HD/ANF-242 complex. (A) Two different views are shown of
the protein–DNA complex. The HD is shown in cyan, and the DNA is shown in stick
representation with carbon in yellow, oxygen in red, nitrogen in blue, and phosphorus in
orange. On the left diagram, both HDs are positioned on top of the DNA, and the view on
the right was generated by rotating the molecule 90° along the horizontal axis. The helices
and the N- and C-termini are labeled. (B) Side chains of the residues involved in formation
of the hydrophobic core are shown in stick and van der Waals sphere representation. Only
one HD is shown in this figure.
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Figure 3.
NKX2.5 HD and ANF-242 DNA interaction. (A) A diagram of HD-DNA contact in a half
site of ANF-242 DNA. Hydrogen bonds and van der Waals interactions are represented with
solid red and dotted blue lines, respectively. Numbered water molecules are shown in cyan
boxes. (B) Structure of HD monomer and the DNA. Side chains of amino acid residues
involved in DNA binding are shown with carbon in cyan, oxygen in red, and nitrogen in
blue. The DNA model is shown in stick representation. Three helices and the N-terminus of
the HD, and the major and minor grooves of DNA are labeled. (C–E) Detailed view of HD-
DNA interactions through the N-terminus (C), the N-terminal section of α3 (D) and the C-
terminal section of α3 of the HD (E). DNA model is shown with carbon in white using stick
and surface representation. The HD is shown in stick and ribbon representation with carbon
in cyan. For all molecules, oxygen is shown in red, nitrogen in blue, and phosphorus in
orange. Hydrogen bonds are depicted using dotted black lines. Water molecules are shown
as gray spheres. (F, G) Tyr54 and interacting DNA region. A stick model of Tyr54 side
chain is shown with 2Fo – Fc map (1 σ level) calculated at 1.8 Å resolution (F) and with van
der Waals surface representation (G).
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Figure 4.
Comparisons of wild type and HD mutants, N51K (A) and R53H (B), interactions. Energy
minimized models of wild type, N51K, and R53H are shown in stick representation. Color
scheme follows that of Figure 3 except in N51K and R53H mutants, carbon is shown in
yellow. Dotted lines depict hydrogen bonds.
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Table 1

Crystallographic Data and Refinement Statistics

Crystallographic Data

space group P65

cell parameters a = b = 71.45 Å, c = 94.33 Å

X-ray source 22ID, APS

resolution 40–1.7 Å

observations (n) 330,129

unique reflections (completeness) 29,990 (99.4%)

Rsym a 0.065

Refinement Statistics of Current Model

protein atoms (n) 999

resolution 40–1.8 Å

DNA atoms (n) 773

solvent atoms (n) 194

Rcryst (workb/freec) 0.208/0.260

rmsd bond lengthsd 0.006 Å

rmsd bond anglesd 1.023°

a
Rsym = ΣhklΣi |Ii(hkl) − <I(hkl)>|/ΣhklΣiIi(hkl) where Ii(hkl) is the intensity of an individual hkl, and <I(hkl)> is the mean intensity for all

measured values of this reflection.

b
Rwork= ||Fo| − |Fc||/|Fo|, where Fo and Fc represents the observed structure factor amplitudes and the structure factor amplitudes calculated from

the atomic model, respectively.

c
Rfree was calculated with the 5% of randomly selected reflections excluded from the data set during refinement.

d
rmsd, rootmean- square deviation.
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Table 2

Calculated Relative Interaction Energy of NKX2.5 HD Mutants

mutations
calculated relative ΔG intra-protein

(kcal/mol)
calculated relative ΔG protein–DNA

interaction (kcal/mol)
calculated relative ΔG total (kcal/

mol)

wild type 0 0 0

Q50H 3.52 −0.03 3.49

N51K 13.29 1.81 15.10

R52G 32.18 2.18 34.36

R53H 26.07 0.16 26.23

Y54C −0.42 1.52 1.10
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