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SUMMARY

The Dlx5 homeodomain is a transcription factor related to the Drosophila Distal-less gene that is 

associated with breast and lung cancer, lymphoma, Rett syndrome and osteoporosis in humans. 

Mutations in the DLX5 gene have been linked to deficiencies in craniofacial and limb 

development in higher eukaryotes, including Split Hand and Foot Malformation-1 (SHFM-1) in 

humans. Our characterization of a Dlx5 homeodomain–(CGACTAATTAGTCG)2 complex by 

NMR spectroscopy paved the way for determination of its crystal structure at 1.85 Å resolution 

that enabled rationalization of the effects of disease-related mutations on the protein function. A 

remarkably subtle mutation, Q186H, is linked to SHFM-1; this change likely affects affinity of 

DNA binding by disrupting water-mediated interactions with the DNA major groove. A more 

subtle effect is implicated for the Q178P mutation, which is not in direct contact with the DNA. 

Our data indicate that these mutations diminish the ability of the Dlx5 homeodomain to recognize 

and bind target DNAs, and likely destabilize the formation of functional complexes.

*Correspondence (serrano@scripps.edu).
#Current address: Structural Biology Research Center, KEK/High Energy Accelerator Research Organization, Tsukuba, Ibaraki 
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INTRODUCTION

DLX5 is one of six vertebrate genes related to the Distal-less (Dll) gene of Drosophila [1, 2]. 

It plays a key role in craniofacial and limb development as well as in sensory organ 

morphogenesis [3, 4]. DLX5 also promotes tumor cell proliferation in lymphomas and lung 

cancers by binding to the promoter region of MYC, which is a proto-oncogene that encodes 

a DNA binding factor and regulates transcription and cell cycle progression in many human 

cancers [5]. DLX genes encode homeodomain transcription factors that are primarily 

expressed during early embryogenesis [2] and regulate intercellular signaling across the 

interface between the neural and non-neural ectoderm, which is critical for inducing and 

patterning adjacent cell fates [6]. DLX5 is expressed in the median plane of the Apical 

Ectodermal Ridge (AER), which is essential for the establishment of the correct limb 

polarity and its development in the proximo-distal direction, along with the formation of 

digits [7, 8]. In humans, the six DLX genes are linked and convergently transcribed as gene 

pairs (DLX1 and DLX2, DLX5 and DLX6, and DLX3 and DLX7) that share regulatory 

elements and expression patterns [9, 10]. In mice, DLX5 and DLX6 are expressed in a 

unique spatial and temporal pattern; they are first detected in embryos at the 8.5 – 9 day 

stage and appear in the developing forebrain by day 10. Between days 12 and 15, the gene 

products are expressed in brain and developing bones and, by day 17, their levels start to 

slowly decrease [11].

In mice, both DLX5 and DLX6 need to be simultaneously inactivated for generation of an 

abnormal phenotype that leads to split limb malformation and defective development of the 

middle portion of the AER as well as axial skeletal and inner ear defects [12]. However, in 

humans, mutation or inhibition of DLX5 alone is linked to Split Hand and Foot 

Malformation-1 (SHFM-1) [4].

SHFM, also known as ectrodactyly, is characterized by the absence of one or more of the 

central rays of the autopod along with varying degrees of fusion of the remaining digits. The 

phenotype can vary between affected family members or even between different limbs of the 

affected individual, and can range from mild syndactyly of three or four fingers, to severe 

‘lobster claw’ like hands or feet [13, 14]. SHFM affects approximately 1 in 18,000 newborns 

[15] and can occur by itself or as part of a more complex syndrome with abnormalities in 

other parts of the body [13, 16–21].

The most common form of SHFM in humans, SHFM-1, was mapped to a 1.5 Mb 

chromosomal region encoding DLX5, DLX6, and DSS1 [21, 22], all of which participate in 

the Wnt signaling pathway, which plays an important role in limb development [4]. Two 

independent reports, each concerning two affected individuals, have linked missense 

mutations in the DLX5 gene resulting in the amino-acid substitutions Q178P and Q186H to 

the onset of SHFM-1. While Q178P and Q186H segregate in an autosomal recessive and 

dominant fashion, respectively [8, 23], both lead to reduced transcriptional activity [8]. 

While DLX5 had previously been suggested to be involved with the onset of SHFM-1, these 

were the first reported cases of linking affected individuals to mutations in the DLX5 gene.
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Due to the limited long-term stability of free Dlx5, structural studies of the homeodomain 

required an engineered variant containing a fusion with GB1, a protein which is often used 

as a solubility tag in NMR studies of proteins prone to aggregation or precipitation. NMR 

spectroscopy could then be used as an analytical tool to monitor protein stability, to search 

for a dsDNA sequence amenable for the production of diffracting crystals, and to study the 

formation of the complex in solution. Dlx5 in complex with the dsDNA sequence 

CGACTAATTAGTCG showed improved stability, which allowed the removal of the Gb1 tag 

from the DNA complex prior to screening of crystallization conditions. The Dlx5–

(CGACTAATTAGTCG)2 structure was then determined by X-ray crystallography at 1.85 Å 

resolution, and revealed that the residues associated with SHFM-1 were involved in key 

interactions for DNA recognition and binding. The effect of these mutations on thermal 

stability and binding affinity was further evaluated using circular dichroism (CD) 

spectroscopy and isothermal titration calorimetry (ITC). Our results indicate that the onset of 

SHFM-1 is likely linked to obstacles in the formation of functional Dlx5:DNA complexes.

RESULTS

NMR study of the interactions between the Dlx5 homeodomain and DNA duplexes

The Dlx5 construct used for NMR studies includes the entire homeodomain (residues 137–

198), which has limited long-term stability and was therefore not amenable for screening of 

DNA partners. To overcome these limitations, the Dlx5 homeodomain was cloned into a 

vector containing an N-terminal Gb1 solubility tag linked via a TEV-protease cleavage site 

to the homeodomain. Gbx1-Dlx5 remained soluble during purification. NMR spectroscopy 

had a key role in monitoring Gbx1-Dlx5 and Dlx5 stability, in confirming that the globular 

structure was preserved during the different purification steps, and for the search of a 

suitable partner dsDNA (See Materials and Methods). For example, we observed that after 

TEV cleavage of a freshly purified sample, Dlx5 was stable for a few hours and could be 

used to acquire NMR spectra for the study of interactions with DNA (Fig. 1). We also 

observed that once a complex with DNA was formed, Dlx5 was more stable and that we 

could cleave GB1 from the DNA-bound Dlx5 before starting crystallization trials. A 21 bp 

DNA sequence, AAATGCAGCCATAATTAGAGT, had previously been identified to target 

expression of the Dlx5/Dlx6 bi-gene cluster to the developing forebrain in mice [24]. This 

sequence includes the TAAT motif typically recognized by homeodomains, including all six 

Dlx proteins [25]. For NMR studies, GC nucleotide pairs were added to the 5’ and 3’ ends of 

the 21-bp DNA to enhance stability (25 bp dsDNA, 

GGAAATGCAGCCATAATTAGAGTCG). The 2D [15N-1H]-HSQC spectrum was recorded 

in the presence of 1.5 equivalents of the 25 bp DNA and only exhibited 51% of the expected 

HN signals (data not shown), which indicated that this fragment was not optimal for 

structural studies. Subsequently, based on reported crystal structures determined in the 

presence of shorter DNA sequences such as 2H1K (15-bp), 3CMY (14-bp), 1NK2 (16-bp), 

9ANT (15-bp), a 14 bp DNA fragment, CGACTAATTAGTCG, containing the key TAAT 

binding element was evaluated. 2D [15N,1H]-HSQC spectra of Dlx5 were recorded in the 

presence of 0.0, 0.5, 1.0 and 1.5 equivalents of the 14-bp DNA (Figure 1). All expected 

peaks were observed in the Dlx5 NMR spectrum, but at a substoichiometric concentrations 

of DNA, several peaks broadened and disappeared, presumably due to intermediate rate 
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exchange in the NMR time scale between the free and bound protein (Figure 1B). Upon 

saturation of Dlx5 with the 14-bp DNA, all 70 expected backbone amide resonances of the 

protein were again observed (Figure 1, C and D), which indicated a one to one protein:DNA 

ratio in the complex. This is consistent with the elution profile of the Dlx5-GB1:DNA 

complex from a Hi-Load 26/60 Superdex 75 gel filtration column (Figure 2A). A peak with 

absorbance at both 280 and 260 nm eluted from the column at 181 ml, corresponding to a 

species of approximately 25 kDa, in agreement with the expected size of the Dlx5-

GB1:DNA complex. This peak was analyzed by SDS PAGE and agarose gel 

electrophoresis(Figure 2, B and C) to confirm the presence of both protein and DNA in the 

sample.

Crystal structure of Dlx5 in complex with DNA

Overview of the Structure—The crystal structure of the human Dlx5 homeodomain in 

complex with the palindromic 14-bp CGACTAATTAGTCG DNA duplex was determined by 

molecular replacement at a resolution of 1.85 Å in a triclinic (P1) space group (Figure 3A). 

The Matthews’ coefficient was 3.1 Å3/Dalton, with an estimated solvent content of 65 %. A 

summary of the data collection, modeling and refinement statistics is provided in Table 1. 

The crystallographic asymmetric unit (ASU) contained two Dlx5-DNA complexes and 232 

water molecules. The polypeptide backbone atoms of the two protein molecules in the ASU 

can be superimposed with an RMSD of 0.31 Å, and the Ramachandran plot produced by 

MolProbity showed that 100 % of the residues are in favored regions. Analysis of the 

content of the ASU with the EBI-PISA server did not identify any potentially stable 

quaternary assembly. Size exclusion chromatography further supported this result, since the 

predominant state in solution corresponds to one protein bound to one DNA duplex. The 

expressed protein consists of 65 residues (137–198), which represent the entire 

homeodomain of Dlx5, plus four N-terminal residues (GHMV) that remained after cleavage 

of the purification/solubility tag. This tetrapeptide segment and the first 3 residues of the 

homeodomain were disordered in both protein molecules (chains A and D) in the ASU and 

consequently were not included in the structure. Additional regions not included in the 

model due to lack of electron density, include V137 and the side-chain atoms of R154 and 

K193 in molecule A and V137, K194, and N198 in molecule D. The bound DNA molecules 

(BC and EF) consist of a 14-bp palindromic DNA duplex (5'-CGACTAATTAGTCG-3') were 

all clearly visible in the electron density with the exception of one nucleotide at the 3' end of 

DNA (identified as strand F in the coordinate file).

The structure of Dlx5 consists of three α-helices and includes the typical homeodomain 

‘helix-turn-helix’ motif [26]. Residues 146–159 form α-helix 1 and lie parallel to α-helix 2 

of residues 164–174. α-helix 3 (residues 178–197) is aligned roughly perpendicular to α-

helix 2 and inserts into the major groove of the DNA duplex. It is worth noting that despite 

the palindromic nature of the dsDNA sequence, which could suggest the existence of 

multiple binding sites, the presence of a single major groove ensures the formation of a one 

to one Dlx5:dsDNA complex. The DNA adopts a B-form architecture with standard Watson-

Crick base pairing observed throughout the duplex, except at one end where bases 1 and 14 

interact with bases from the DNA duplex of a symmetry-related molecule, forming a triple 
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helix-type interaction similar to that observed in the Msx-1 homeodomain/DNA complex 

crystal structure [27].

DNA- Recognition and Binding—The high structural similarity between Dlx5:dsDNA 

and multiple homeodomain:DNA complexes in the Protein Data Bank (PDB) provided a 

strong foundation for comparisons of the effect of amino acid substitutions on complex 

formation. Homologous to what has been observed in other homeodomain:DNA complexes, 

the majority of short-range protein-DNA contacts involve nucleotides on the major grove 

and residues on α-helix 3 of Dlx5, specially the side chains of N187, R189, and K191. 

Examination of structures of other PF000476 homeodomain Pfam family members indicates 

that the N187 side chain, which is within hydrogen bonding distance of the base of Ade 7, 

makes a key interaction with DNA, since it is observed in all members of the family. The 

functional importance of N187 is also supported by the fact that a His mutation at the 

equivalent positions in human Hox-13 is linked to hand-foot genital syndrome [28], as a 

result of a strong reduction of binding affinity of NANOG to DNA [29].

In addition to the direct hydrogen-bonding interaction with DNA, our structure indicates that 

the side chain of N187, along with the conserved Q186, is part of an extended water-

mediated interaction network with DNA (Figures 3B and 4). Although Q186 is positioned 

too far from the DNA for direct hydrogen bonding, a conserved water molecule bridges its 

side-chain amide with that of N187. This water molecule is also within hydrogen bonding 

distance of the Thy7 nucleotide base. R189 and K191 are also functionally important and 

play key roles in DNA binding along the major groove by forming salt-bridges with the 

DNA phosphate groups. Mutation of R189 in the human HESX-1 homeobox protein is 

linked to septooptic dysplasia, and Axenfeld-Rieger syndrome is related to a homologous 

mutation in human PIX2 [30]. Additional interactions with the major groove are mediated 

by Y161, which is located on loop connecting α-helices 1 and 2. The Y161 aromatic side 

chain is stacked against the side chain of R189, forming a cation-π interaction, which 

anchors the positions of both side chains for binding the phosphate group of Cyt4.

Whereas the binding interface at the major groove primarily involves residues of α-helix 3 of 

the Dlx5 homeodomain, the interface at the minor groove is formed from residues on the N-

terminal arm of the protein [31]. The R138 sidechain interacts with Thy9 and the backbone 

amide of K139. The highly conserved R141 contacts Thy9, and a natural variant mutation at 

the structurally equivalent site on the human homeobox protein aristaless-like 4 has been 

linked to parietal foramina [32]. Recognition of the DNA minor grove also involves 

hydrogen-bond interactions mediated by T142, as well as non-polar contacts between P140 

and Ade7.

Study of the effect of SHFM-1 linked mutations on protein stability and DNA binding

The effect of the Q178P and Q186H amino acid replacements on protein and protein:DNA 

complex stability was analyzed using CD spectroscopy. The thermal denaturation profile of 

the wild type (WT) Dlx5 homeodomain is shown in Figure 5 and compared to that of the 

Dlx5[Q178P] and Dlx5[Q186H] homeodomains in the absence and presence of bound DNA. 

The denaturation curves are sigmoidal and indicate that all regular secondary structures 
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disappear at 80 °C. The unfolding mid-point for the WT Dlx5 and Dlx5[Q178P] mutant are 

54.3 and 54.7 °C, respectively, while a lower unfolding temperature of 52.6 °C was observed 

for Dlx5[Q186H]. Upon complex formation, a ~5 °C increase in thermal stability was 

observed for the WT and Dlx5[Q178P] homeodomains, but only a ~1 °C increase for 

Dlx5[Q186H].

The effects of the Q178P and Q186H mutations on the binding of the 14-bp DNA were 

further investigated using isothermal titration calorimetry (ITC) (Figure 6). Binding of the 

Dlx5 homeodomain to DNA is exothermic and could be fit to a single-site binding model. 

All variants show a single transition and the stoichiometry parameters (N) indicate that one 

protein molecule binds to one DNA duplex. WT Dlx5 binds to the 14-bp DNA with high 

affinity (Kd = 0.16 ± 0.02 µM), which is driven by a favorable change of enthalpy (ΔH° = 

−8.4 kcal mol−1). Titrations performed with the variant proteins show that both amino-acid 

substitutions reduce the binding affinity, with two-fold (Kd = 0.33 ± 0.04 µM) and a ten-fold 

(Kd = 1.8 ± 0.12 µM) reductions for Dlx5[Q178P] and Dlx5[Q186H], respectively. This 

five-fold difference in binding activity contrasts with the results from transcriptional activity 

experiments that revealed that both mutations lead to a similar reduction of MYC expression 

in HEK293 and HeLa cells.

DISCUSSION

Dlx5 is a homeodomain transcription factor that is expressed in the developing brain and 

bones of higher eukaryotes during early embryogenesis. The protein plays a key role in 

craniofacial, and limb development and is involved with regulation of the MYC promoter, 

which is implicated with many human cancers. Interaction of various DNA molecules with 

the Dlx5 homeodomain were evaluated by NMR, including a 14 bp palindromic DNA 

duplex (CGACTAATTAGTCG), which had been used in previous homeodomain:DNA 

binding studies in our laboratory (unpublished data). Analysis of [15N-1H]-HSQC spectra of 

the Dlx5 homeodomain in the presence and absence of this 14 bp DNA showed that addition 

of equimolar amounts of DNA induced large changes in the chemical shifts of multiple 

backbone amide resonance signals, indicating that complex formation had occurred (Figure 

1). In addition, the NMR profile [33] of Dlx5 in the presence this DNA duplex showed that 

all expected peaks were present in the spectrum with homogeneous intensities. Together, 

these results indicated that a Dlx5-homeodomain–DNA complex was indeed formed and that 

any exchange between the free and DNA-bound forms of the protein was occurring on an 

intermediate NMR chemical shift time scale [34]. Guided by these NMR studies, the crystal 

structure of Dlx5 in complex with the 14 bp DNA was determined at 1.85 Å resolution and 

exhibits a typical homeodomain:DNA structure (Otting et al., 1990), in which helix α3 

occupies the major grove and the N-terminal end contacts the minor grove (Figure 3).

Point mutations in the DLX5 gene (Q178P and Q186H) have been identified in individuals 

affected with SHFM-1, a congenital limb-development disorder affecting the central rays of 

the autopod [8, 23]. Q186 is located in the middle of helix α3 of the homeodomain structure 

within the protein-DNA binding interface (Figure 3C). Q186, which corresponds to Q50 in 

standard homeodomain nomenclature [35], is preserved in all six Dlx proteins and highly 

conserved in other homeodomains. Only a few residues types can be tolerated in position 50 
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and, while glutamine is most common, some homeodomain structures contain lysine, serine 

or cysteine instead [36]. Q50 and N51 play important roles in DNA binding specificity and 

affinity through a series of coordinated water mediated interactions [37, 38]. In Dlx5, 

mutation of Q186 to histidine decreases binding affinity and protein stability, both in the 

presence and absence of DNA. This effect is most likely due to the disruption of water-

mediated interactions involving Q186 and N187 of the homedomain, and Ade6, Ade7 and 

Thy8 of the DNA (Figure 4). The second mutation linked to SHFM-1 involves residue 

Q178, which is preserved across all six Dlx homeodomains and is highly conserved within 

DLX5 genes from different species [23]. Q178 corresponds to Q42 in the standard 

homeodomain nomenclature, and is positioned too far from the DNA and is typically 

occupied by a glutamic acid involved in a salt bridge with R167 (R31), which is one of three 

highly conserved salt bridges that are believed to play a role in stabilizing the homeodomain 

structure [35]. Mutations of residues in positions 31/42 induce stabilizing or destabilizing 

effects on the protein. These mutations also play a role in altering the affinity of the 

homeodomain for its respective DNA sequences. In the Dlx5 homeodomain, Q178P 

mutation has no significant effect on the thermal stability in the presence or absence of 

DNA, which suggests that Q178/R167 interactions are not important for protein stability. 

The Q178P mutation does however result in a two-fold reduction in affinity of the Dlx5 

homeodomain for the 14 bp DNA. Analysis of the Dlx5:DNA structure suggests that, 

although Q178 does not directly contact DNA (Figure 3C), it seems to help position R167 

for proper contact with the phosphate backbone of the DNA, either directly or mediated via 

a water molecule (Fig. 4). The Q178P mutant lacks this positioning effect, which results in a 

small reduction in affinity for DNA binding.

The crystal structure in combination with the CD and ITC measurements has therefore 

helped to rationalize the effects of the Q178P and Q186H mutations that are linked to 

SHFM-1. Both mutations reduce the affinity of the Dlx5 homeodomain for target DNAs, but 

their mechanisms of action are different. Whereas the Q186H mutant directly impacts the 

recognition of the major grove, Q178P acts in a subtler way, by preventing the neighboring 

R167 attaining the appropriate conformation and orientation to form a salt bridge with 

phosphate groups in the DNA. The contrast between the different effect of the two mutations 

on DNA binding affinity and their similar impact on the expression of MYC [8], suggests 

that these amino acid substitutions disturb the behavior of Dlx5 at multiple functional levels.

EXPERIMENTAL PROCEDURES

Cloning of the Dlx5 Homeodomain

Residues 137 to 198 were amplified from a H. sapiens Dlx5 construct and cloned into 

pET28Gb1TeV, which is a pET28b plasmid modified in-house to contain a Gb1 solubility 

tag and TEV cleavage site between the NcoI and NdeI restriction site. The primers used for 

PCR were: Primer A: 5’ cccCATATGgttcgtaaacccaggactatttattcc 3’ and Primer B: 5’ 

gggagAAGCTTttagtttttcatgatcttcttgatcttg 3’. Primer A contains an NdeI restriction site 

(capitalized) and the first 27 nucleotides of the Dlx5 homeodomain. Primer B contains the 

last 26 nucleotides of the Dlx5 homeodomain, a stop codon, and a Hind III restriction site 

(capitalized). Mutagenesis of residues 178 and 186 was performed using QuickChange site-
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directed mutagenesis (Stratagene) and the following primers: Primer 178: 5’ 

cctcgctgggattgacaccaacacaggtgaaaatctgg 3’ and Primer 186: 5’ 

cacaggtgaaaatctggtttcacaacaaaagatccaag 3’. The nucleotides mutated form wild-type are in 

bold typeface and underlined.

Protein Production

Dlx5 variants were expressed in E. coli strain BL21(DE3) (Novagen) grown in M9 medium 

containing D-glucose (4 g/L) and 15NH4Cl (1 g/L) as the sole carbon and nitrogen sources 

respectively. Cell cultures were grown at 37 °C with vigorous shaking to an optical density 

of 0.6 at 600 nm, and the temperature then reduced to 18 °C before Dlx5 expression was 

induced with 1 mM isopropyl-β-D-1-thiogalactopyranoside. The cells were then grown at 

18 °C for 20 hours and harvested by centrifugation (10,000 × g for 5 minutes). The 

harvested cells were re-suspended in buffer A (20 mM sodium phosphate at pH 7.4, 200 mM 

sodium chloride, 20 mM imidazole), supplemented with Complete EDTA-free protease 

inhibitor cocktail tablets (Roche), and lysed by sonication. Cell debris was removed by 

centrifugation (40,000×g for 30 minutes) and the supernatant was loaded onto a Ni2+ affinity 

column (HisTrap HP; GE Healthcare) equilibrated with buffer A. The imidazole 

concentration was increased to 50 mM to remove non-specific proteins and then to 500 mM 

to elute Dlx5. Fractions identified to contain Dlx5, as determined by SDS-PAGE, were 

digested for 1 hour with 0.08 mg/ml TEV protease at room temperature. The digested 

protein was loaded onto an SP sepharose AC IEX column (GE Healthcare) equilibrated with 

buffer B (20 mM sodium phosphate pH 6.0, 50 mM sodium chloride) and the protein eluted 

with 1 M sodium chloride gradient over 20 column volumes. Fractions containing Dlx5 were 

pooled and further purified using a Superdex™ 75 HiLoad™ 26/60 (GE Healthcare) size 

exclusion chromatography column equilibrated in buffer B. Fractions containing Dlx5 were 

concentrated to a final protein concentration of 1.2 mM using a 3 kDa cut-off centrifugal 

filter devices (Millipore). Dlx5 samples that were to be analyzed using NMR spectroscopy 

were supplemented with 5% 2H2O (v/v) and 4.5 mM sodium azide.

Preparation of DNA

Single-stranded DNA sequences, purchased from Invitrogen, were re-suspended with nano-

pure water to a final concentration of 1 mM and equimolar concentrations of complimentary 

strands were combined. Using an Eppendorf Mastercycler gradient PCR machine, samples 

were heated to 95 °C for 5 minutes. The samples were then cooled every 2 minutes in 5 °C 

increments to a final temperature of 20 °C. As trace amounts of tri-ethyl amine were 

detected, double-stranded DNA was further purified using Illustra NAP-25 columns (GE 

Healthcare) and DNA was eluted using nano-pure water. DNA samples were lyophilized 

overnight and re-suspended in nano-pure water to a final concentration of 15 mM.

NMR Spectroscopy

1:1.1 Dlx5:DNA samples were prepared by addition of double-stranded DNA sequences to a 

1 mM protein solution. The 2D [15N, 1H]-HSQC spectra used to study the Dlx5 – DNA 

interaction were recorded at 298K with 1024 × 256 complex data points, on a Bruker DRX 

700 MHz spectrometer equipped with a 1.7-mm microcoil probehead.
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Preparation of Dlx5:DNA Complex for Crystallography

Harvested cells were re-suspended in buffer A supplemented with Complete EDTA-free 

protease inhibitor cocktail tablets (Roche), lysed by sonication, and purified using Ni2+ 

affinity and ion exchange chromatography as detailed above. Fractions eluting from the SP 

sepharose column that were identified to contain Dlx5 were pooled and a 1.1 molar ratio of 

the DNA duplex CGACTAATTAGTCG was added to the sample and left at room 

temperature for 1 hour. The Dlx5:DNA complex was further purified using a Superdex™ 75 

HiLoad™ 26/60 (GE Healthcare) size exclusion chromatography column equilibrated in 

buffer C (20 mM MES pH 8.0, 50 mM sodium chloride). Fractions containing both protein 

and DNA as determined by SDS-PAGE, and agarose gel electrophoresis were combined and 

digested for 2 hours with 0.08 mg/ml TEV protease at room temperature, before being 

loaded onto a Ni2+ affinity column equilibrated in buffer C, to remove both the purification 

tag and the TEV protease. Fractions containing Dlx5:DNA complex were concentrated using 

a 3 kDa centrifugal filter device to a final protein concentration of 10 mg / ml.

Crystallization

The Dlx5:DNA complex was crystallized using the nanodroplet vapor diffusion method [39] 

with standard JCSG crystallization protocols [40, 41]. Sitting drops composed of 100 nl 

protein solution were mixed with 100 nl crystallization solution in a sitting drop format on 

our robotic JCSG Rigaku CrystalMation high-throughput system and equilibrated against a 

50 µl reservoir at 289 K for 42 days prior to harvest. The crystallization reagent consisted of 

0.08M sodium chloride, 45% 2-methyl-2,4-pentanediol, 0.012M spermine 

tetrahydrochloride, 0.1M sodium cacodylate pH 6.0. Additional 2-Methyl-2,4-pentanediol 

was added to a final concentration of 50% (v/v) as a cryoprotectant.

Data collection, structure determination, and refinement of the crystal structure

Initial screening for diffraction was carried out using the Stanford Automated Mounting 

system (SAM) [42] at the Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park, 

CA). X-ray diffraction data were collected at SSRL beam line 14-1 at 100 K using a 

Rayonix MX-325 CCD detector at a wavelength of 1.000 Å and indexed in the triclinic 

space group P1. All data were processed using the JCSG’s distributed structure 

determination pipeline XSOLVE [43] that performed integration and scaling of the data 

using MOSFLM and XSCALE respectively [44]. Primary phasing was accomplished by 

molecular replacement using both the protein backbone and sidechain atoms of the Msx-1 

homeodomain/DNA complex (PDB ID 1IG7), which has 59% sequence identity with DLX5, 

using PHASER [45], and refinement was carried out with REFMAC5 [46]. Initial 

positioning of the two protein molecules in the asymmetric unit following restrained 

refinement of the molecular replacement solution resulted in an elevated Rcryst of 46% and 

Rfree of 48%, and poor electron density maps as the protein contributes only approximately 

50% of the scattering material in the unit cell with DNA comprising the remainder. 

Therefore, the molecular replacement calculations were repeated using both the protein 

molecule and a portion of the DNA molecule from the Msx-1 Homeodomain/DNA complex 

(PDB ID 1IG7) in close-range interactions with the protein (residues 22 – 26 on the B chain 

of 1IG7 and residues 8 – 12 on the C-chain). The resulting structure yielded improved R-
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values and electron density maps (Rcryst=37.5%, Rfree=43.2%). ARP/wARP was used to re-

build the protein model with the amino-acid sequence of the Dlx5 construct, and resulted in 

a model with 122 of the total 128 residues and an Rcryst of 33.5% and Rfree of 37.1%. Model 

building was performed throughout using COOT [47]. The electron density maps were of 

sufficient quality to manually model the nucleotide sequence of the DNA fragment co-

crystallized with the Dlx5 construct into the model, as well as water molecules. Further 

rounds of model building and TLS refinement yielded a model with an Rcryst of 18.3% and 

Rfree of 22.5%. X-ray data collection and refinement statistics are compiled in Table 1.

Validation and deposition

The quality of the crystal structure was analyzed using the JCSG Quality Control server (see 

http://smb.slac.stanford.edu/jcsg/QC/). This server verifies: the stereo chemical quality of 

the model using AutoDepInputTool [48], MolProbity [49], and WHATIF 5.0 [50]; 

agreement between the atomic model and the data using SFcheck 4.0 [51], and RESOLVE 

[52]; the protein sequence using CLUSTALW [53]; atom occupancies using MOLEMAN2.0 

[54]; and consistency of NCS pairs. It also evaluates differences in Rcryst/Rfree, expected 

Rfree/Rcryst, and maximum/minimum B-values by parsing the refinement log-file and header 

of the coordinates file. Protein quaternary structure analyses were performed using the EBI 

PISA server [55] and 2Fo-Fc omit electron density maps were calculated using PHENIX 

[56]. Figure 3 was prepared with PyMOL [57].

ITC Experiments

ITC was performed on a MicroCal™ Auto-ITC200 (GE Healthcare). All samples were 

extensively dialyzed into buffer C (20 mM sodium phosphate pH 6.0, 300 mM sodium 

chloride) to avoid any heat of dilution from mixing buffers. 100 µM protein solutions were 

titrated at a constant temperature of 25 °C, into a sample cell containing 7.5 µM 14 bp 

dsDNA sequence. Each titration consisted of a preliminary 0.5 µl injection followed by 24 

injections of 1.6 µl. The protein and DNA concentrations were measured after dialysis using 

a NanoDrop® ND-1000 spectrophotometer by measuring the absorbance at 280 and 260 nm 

respectively. The raw calorimetry data were integrated and analyzed to obtain the binding 

constant, stoichiometry, and binding enthalpy along with the error margins, using the ITC 

data analysis package of the Origin software.

CD Experiments

20 µM protein or complex in buffer C was placed in a 0.1 cm path length quartz cuvette and 

CD experiments were recorded using the Temperature/Wavelength Scan software supplied 

with the Jasco 815 CD spectrophotometer. Unfolding profiles over the range 20 – 95 °C 

were measured at a constant wavelength of 209 nm and increasing the temperature at a rate 

of 1.0 °C/minute.

PDB accession numbers

The atomic coordinates of the Dlx5:DNA complex crystal structure have been deposited in 

the Protein Data Bank with accession code 4RDU.
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Figure 1. Binding of the Dlx5 homeodomain to the CGACTAATTAGTCG dsDNA as monitored 
by NMR
(A–D) Contour plots are shown of 2D [15N, 1H]-HSQC spectra of a 1.2 mM solution of 15N-

labelled Dlx1 containing variable amounts of DNA. (A) no DNA. (B) 0.6 mM. (C) 1.2 mM. 

(D) 1.8 mM. All spectra were recorded with Dlx5 prepared by TEV cleavage of freshly-

purified GB1-Dlx5 fusion protein (see materials and methods).
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Figure 2. Purification of the Dlx5 homeodomain GB1 fusion protein:DNA complex
(A) Elution profile of the Dlx5-GB1:DNA complex from a HiLoad 26/60 Superdex 75 gel 

filtration column monitored at 260 nm (red) and 280 nm (blue). The inserts show further 

characterization of the sample eluted from the gel filtration column at 181 ml. (B) SDS 

PAGE. (C) Agarose gel electrophoresis. In (B) and (C), lane 1 contains BioPioneer 

AccuRuler RGB Broad Range protein marker and New England Biolabs 100 bp DNA 

ladder, respectively.
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Figure 3. Crystal structure of the Dlx5 homeodomain in complex with the CGACTAATTAGTCG 
dsDNA
(A) Structure of the Dlx5 complex with CGACYAATTAGTCG. Dlx5 is shown in a dark 

green ribbon representation. The side chains of Q178 and Q186 are presented as sticks, with 

nitrogen and oxygen atoms colored blue and red, respectively. The dsDNA is shown in grey 

as a superposition of its van der Waals surface and ribbon representation of the backbone 

and side-chain atoms. (B) Close-up view of Q186 and N187 indicating direct and water-

mediated interactions with dsDNA. Water molecules are shown as red spheres. N-O and O-

O distance shorter than 3.0 Å are shown in black broken lines. Nitrogen, oxygen and 
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phosphorous atoms are colored blue, red and orange, respectively (C) Close-up view 

showing hydrogen-bond interactions between Q178, R167 and the dsDNA, using the same 

presentation as in (B).
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Figure 4. Schematic representation of hydrogen bonding and non-polar contacts (<3.5 Å) in the 
Dlx5 homeodomain-DNA complex
Nucplot was used [58]. Left and right panels show close range interactions of the two 

Dlx5:DNA complexes in the crystal asymmetric unit. One complex includes Dlx5 

represented as a monomer A with its bound double-stranded DNA (B and C DNA strands as 

identified in the PDB file), while the other is formed by the second Dlx5 (monomer D) with 

bound double-stranded DNA ( E and F strands). Asterisks denote residues that interact with 

more than one nucleotide.
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Figure 5. Temperature-induced denaturation of the Dlx5 and the variant Dlx5[Q178P] and 
Dlx5[Q186H] homeodomains
Solid and dashed lines represent CD measurements recorded in the presence and absence of 

equimolar concentrations of the CGACTAATTAGTCG dsDNA. The temperature variation 

of the signal intensity was monitored at 209 nm during heating over the range from 30 °C to 

80 °C. Resulting profiles for Dlx5, Dlx5[Q178P] and Dlx5[186H] are shown in blue, green, 

and red, respectively.
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Figure 6. Isothermal titration profiled of Dlx5- (A), Dlx5[Q178P]- (B) and Dlx5[Q186H]-(C) 
binding to DNA
100 µM proteins solutions were added to a 7.5 µM solution of the 14 bp dsDNA in 20 mM 

sodium phosphate and 300 mM sodium chloride at pH 6.0 and 20 °C. The top panels show 

heats observed as a result of 24 injections of the proteins into the DNA solution at 175 

second intervals. The bottom panels show binding enthalpies evaluated with the assumption 

of a one-site binding model.
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Table 1

X-ray data collection and refinement statistics (PDB ID 4RDU)

Data collection

Beamline SSRL 14-1

Unit cell (Å) a=34.18, b=42.91, c=56.10 α=84.13°, β=77.33°, γ=67.13°

Spacegroup P1

Wavelength (Å) 1.000

Resolution range (Å) 22.31-1.85

No. observations 44,904

No. unique reflections 23,348

Completeness (%) 95.5 (94.1)

Mean I/σ (I) 8.0 (2.2)

Rmerge on I(%)a 4.6 (27.1)

Rmeas on I(%)b 6.8 (38.3)

Rpim on I(%)c 4.6 (27.1)

Highest resolution shell (Å) 1.90-1.85

Model and Refinement Statistics

Resolution range (Å) 22.31-1.85

No. reflections (total) 23,315d

No. reflections (test) 1,188

Cutoff criteria |F|>0

Rcryst(%)e 18.5

Rfree (%)e 22.5

Stereochemical Parameters

Bond lengths (Å) 0.011

Bond angles (°) 1.32

MolProbity Clash Score 0.84

Average isotropic B-value, protein (Å2)g 52.8

Average isotropic B-value, DNA (Å2)g 49.4

Wilson B-value (Å2) 33.7

ESU based on Rfree (Å)h 0.14

No. protein chains/residues/atoms 2/123/1044

No. nucleic chains/residues/atoms 4/55/1114

No. waters 232

Ramachandran plot (%)f 100

Rotamer outliers (%) 0

Values in parentheses are for the highest resolution shell.

a
Rmerge = ΣhklΣi|Ii(hkl) − (I(hkl)) |/Σhkl Σi(hkl).

b
Rmeas = Σhkl[N/(N−1)]1/2Σi|Ii(hkl) − (I(hkl))|/ΣhklΣiIi(hkl) [59].
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c
Rp.i.m (precision-indicating Rmerge) = Σhkl[(1/(N−1)]½ Σi|Ii (hkl) − <I(hkl)>| / ΣhklΣi Ii(hkl) [60, 61].

d
Typically, the number of unique reflections used in refinement is slightly less than the total number that were integrated and scaled. Reflections 

are excluded owing to negative intensities and rounding errors in the resolution limits and unit-cell parameters.

e
Rcryst = Σhkl||Fobs| − |Fcalc||/Σhkl|Fobs|, where Fcalc and Fobs are the calculated and observed structure-factor amplitudes, respectively. Rfree 

is the same as Rcryst but for 5.0% of the total reflections chosen at random and omitted from refinement.

f
Percentage of residues in favored regions of Ramachandran plot.

g
This value represents the total B that includes TLS and residual B components.

h
Estimated overall coordinate error [62]
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