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ABSTRACT. We have determined the solution structure of a complex containing the K50 class homeodomain
Pituitary homeobox protein 2 (PITX2) bound to its consensus DNA site (TAATCC). Previous studies
have suggested that residue 50 is an important determinant of differential DNA-binding specificity among
homeodomains. Although structures of several homeodonialhA complexes have been determined,

this is the first structure of a native K50 class homeodomain. The only K50 homeodomain structure
determined previously is an X-ray crystal structure of an altered specificity mutant, Engrailed Q50K
(EnQ50K). Analysis of the NMR structure of the PITX2 homeodomain indicates that the lysine at position
50 makes contacts with two guanines on the antisense strand of the DNA, adjacent to the TAAT core
DNA sequence, consistent with the structure of EnQ50K. Our evidence suggests that this side chain may
make fluctuating interactions with the DNA, which is complementary to the crystal data for EnQ50K.
There are differences in the tertiary structure between the native K50 structure and that of EnQ50K,
which may explain differences in affinity and specificity between these proteins. Mutations in the human
PITX2gene are responsible for Rieger syndrome, an autosomal dominant disorder. Analysis of the residues
mutated in Rieger syndrome indicates that many of these residues are involved in DNA binding, while
others are involved in formation of the hydrophobic core of the protein. Overall, the role of K50 in
homeodomain recognition is further clarified, and the results indicate that native K50 homeodomains
may exhibit differences from altered specificity mutants.

The homeodomain is an evolutionarily conserved protein the major groove of the DNA. Homeodomains have been
domain found in organisms ranging from yeast &dso- studied extensivelyl(—5), including genetic, biochemical,
phila to humans 1—5). Homeodomain-containing proteins and structural analyses, due to their critical role in cellular
are known to play important roles in such diverse activities processes and to the fact that they serve as a valuable model
as embryonic pattern formation, cell-type specification, and for probing the physical basis of protei#DNA interactions.
differentiation @). This domain is responsible for recognizing Although the overall topology of the homeodomain motif
specific DNA sequences, thereby recruiting the correspond-and its docking arrangement on duplex DNA are now
ing transcription factors to specific target genes. Most DNA generally well-defined, fundamental questions remain, par-
sites that homeodomains recognize consist of only 6 baseticularly in regard to the role of amino acid side chains in
pairs, with a common TAAT core sequence followed by two  defining the specificity of homeodomaiDNA binding and
base pairs that have been proposed to define the specifiCitythe nature of the interactions of these side chains with the
(3, 4). The homeodomain consists of a self-folding, stable pNA binding sites. Homeodomains have evolved different
protein domain of 60 amino acids. Previous studies of pnA specificities in part by altering the amino acid residue
homeodomains have shown that they have a compact 3-helix,; position 50, which can interact with base pairs 5 and 6,

structure and a flexible N-terminal arr, ©). The third helix, 514 to a lesser extent, base pair 4, in the TAATNN consensus
called the recognition helix, makes specific contacts within binding site. A previous study has shown that each of 6
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position 50 and is the founding member of the K50 class of mutants failed to recover a Q50A mutant: the only Q50A
homeodomainsg). The K50 class of homeodomains rec- mutant recovered also contained a 147T mutati@d).(
ognizes a consensus DNA sequence of TAATCC. Much Another issue concerning the Engrailed Q50K mutant is the
attention has been focused on the consequences of lysin@bservation that it binds to the consensus TAATCC site with
being located at position 50, largely due to the fact that the an unusually high affinity, which approaches the picomolar
most dramatic examples of altered DNA specificity occur range 0). There is no evidence that natural K50 class
when a lysine is either introduced or replaced at position homeodomains have such a high affinity for DN25( 26).

50. For example, when Q50 in Engrailed is mutated to an The full-length PITX2 protein has Kp of 50 nM (25). A
alanine, the Q50A mutant has an affinity and specificity that Kp was determined for the Q50K mutant of the Fushi tarazu
are very similar to those of the wild-type protein, but when homeodomain, and this value was found to be 0.63 bR}, (
mutated to a lysine, the specificity changes from TAATTA which is a much lower affinity than the EnQ50K mutant.
to TAATCC, clearly demonstrating the important role played TheKp for the PITX2 homeodomain alone was found to be
by the residue in position 50, especially in the case of K50, 2.6 + 0.38 nM (see Supporting Information), which is
in defining the specificity of DNA binding9g—11). Percival- comparable to the Fushi tarazu mutant, and also a much
Smith et al. 12) investigated wild-type and Q50K mutant lower affinity than the Engrailed Q50K mutant. Moreover,
Fushi tarazu homeodomains in conjunction with altering the the X-ray structure of EnQ50K reveals two conformations
base pairs at positions 5 and 6 in the binding site, and foundwith the side chain of K50 contacting either the 5th or 6th
that differences irKp of ~100-fold are observed when the position on the antisense strand of the DNA. Whether or
binding site is not the optimal one. In addition to position not natural K50 homeodomains exhibit these two conforma-
50, position 47 has a role in defining specificity for some tions in a static state and whether or not the side chain of
homeodomains in correlation with base pair 4 of the binding K50 exhibits a fluctuating state were unknown. Another
site, especially when the residue is phenylalanine or argininebiochemical property shared by the wild-type K50 class
(13, 14). homeodomains Bicoid and PITX2 is that they both can

Although structures of several homeodomains and recognize naturally occurring DNA sites that deviate from
homeodomainDNA complexes have been determined by the consensus site TAATC@,(21, 27—29). In contrast, a
X-ray crystallography or NMR spectroscopds], including Q50K mutant of the Fushi tarazu homeodomain is unable
representatives of the wild-type Q50, S50, C50, G50, and to bind any nonconsensus DNA binding sites tesd. (

150 classes of homeodomairk6(-20), the only experimen- ~ Together, these considerations underscore the importance of
tally determined K50 homeodomain structure available is an 0btaining solution structures of native K50 class homeo-
X-ray crystal structure of an altered specificity mutant, domains.
Engrailed Q50K (EnQ50K, bound to the TAATCC site7). The question regarding side-chain conformational hetero-
The latter study found that the side chain of K50 projects geneity, referred to above in the context of the observations
into the major groove of the DNA and makes hydrogen bond concerning the K50 side chain in the EnQ50K crystal
contacts with the O6 and N7 atoms of the guanines at basestructure, is broader in scope and of fundamental importance
pairs 5 and 6 of the complementary strand of the TAATCC for understanding the full range of interactions that can occur
binding site. This is the only case in which direct hydrogen at a proteir-DNA interface. Crystallographic studies have
bond contacts have been reported for amino acid residue 5cgenerally indicated that there are several conserved and
in any homeodomainDNA complex structure. Unfortu-  relatively stable contacts at the homeodomdiNA inter-
nately, the relevance of the EnQ50K studies, or analyses offace. In several instances, such as the aforementioned case
other mutants such as Paired S508 &nd Fushi tarazu  Of K50 in the EnQ50K structure and the case of GIn50 in
Q50K (21), to the case of native K50 homeodomains is the crystal structure of an Even-skipped homeodomain
unclear in the absence of experimental structural data for acomplex 80), multiple, significantly populated conformations
native K50 homeodomain. For example, the identity of the are observed for the side chain, while the nearly invariant
amino acid residue at position 54 seems to be constrained@sparagine in position 51 is observed to make very stable
by the residue at position 50. A glutamine at position 50 contacts with the N6 and N7 atoms of the adenine base in
allows for many different residues to be present at position position 3 of the consensus TAAT core binding site. On the
54, with Met being the most abundant. However, Met54 is other hand, NMR studies3¢, 32) and molecular dynamics
never found when position 50 is lysing2). Determining  simulations 81, 33) have provided strong indications of a
the biological relevance of studies of single site mutants dynamic, fluctuating environment encompassing some of the
should take into account possible covariation of resid2@s ( key amino acid side chains at the interface, most importantly,
For example, structural studies of an EnQ50A mutant have the side chains of asparagine 51 and of the position 50
been conductedl() in order to provide additional informa-  residue. Billeter and co-worker81) proposed that, at least
tion concerning the role of residue 50 in general, and Q50 in the case of Antennapedia, the homeodomain achieves
in particular; however, a phage display selection of Engrailed specificity through a fluctuating network of short-lived
contacts that allow it to recognize DNA without the entropic

! Abbreviations: PITX2, pituitary homeobox protein 2; EnQ50K cost that Wou'd .res-u-lt i Si.de chains were immobilized upon

Engrailed Q50K mutant; IPTG, isopropgo-thiogalactopyranoside; .~ DNA binding. Significant interest has been expressed in the

DSS, 2,2-dimethyl-2-silapentane-5-sulfonic acid; PBS, phosphate buffer literature , 31, 33, 34) for obtaining experimental data on

solution; TCB, thrombin cleavage buffer; DTT, dithiothreitol; NOESY, native K50 homeodomains in order to shed further light on
nuclear Overhauser enhancement spectroscopy; HSQC, heteronucleaihase fundamental issues

single quantum correlation; NOE, nuclear Overhauser effect; rmsd, root- N . .
mean-square deviation; bb, backbone: PDB, Protein Data Bank; HD, ~FOr the structure determination studies reported herein, we

homeodomain. chose the well-characterized homeodomain PITX2 as our
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Ficure 1: (a) Amino acid sequence of the PITX2 homeodomain used for the structural studies. The extra residues at the N- and C-termini
are part of the expression system. (b) DNA sequence of the binding site used in the structural studies. The DNA sequence consists of the
TAATCC binding site surrounded by residues to confer stability to the double strand.

representative model for the K50 class of homeodomains. basis of the solution structure, we also discuss the effect of
PITX2 is a transcription factor that is found in many mutations found in Rieger syndrome patients on PITX2
developing tissues in vertebrate embryos. It has been showrhomeodomain functions.

to be expressed in the brain, heart, pituitary, mandibular and

maxillary regions, eye, gut, limbs, and umbilicl85{38). MATERIALS AND METHODS

The homeodomain is just one domain of the full-length
PITX2 protein. There have been three major isoforms of
PITX2 identified, and these isoforms are produced by
alternative splicing and the use of different promot&fs, (

Expression of the PITX2 Homeodomairhe expression
plasmid pGEX-1t-PITX2HD consists of a glutathione
S-transferase tag and a thrombin cleavage site prior to the
36, 39—41). All of the isoforms contain different N-terminal PITX2 homeo_domain sequence. There are two extra residu.es
domains, while the homeodomain and C-terminal domains at the N—_termlnus asa resglt of thrombin cleavage, and SIx
are identical. The C-terminal region contains a transcriptional extra reS|dues.at the C-tgrmmus that are part of _the expression
activation domain. Mice that have been genetically engi- SYStém. The final protein sequence is shown in Figure 1.
neered to be homozygous fopix2 null allele have a single The PITX2 homeodomain was obtained by growing
atrium, arrested development of the pituitary gland, numerous Escherichia colistrain BL21-Star (Invitrogen) transformed
defects of the eye, and altered development of the mandibulawith pPGEX-1t-PITX2HD in minimal medium [0.85 g/L
and maxillary regions41—43). Mutations in PITX2 are NaOH, 10.5 g/L KHPO, 12 g/L NaHPQ;, 6 g/L KH,PO;,
known to be a cause of Rieger syndromd-{48), a genetic 1 9/L NaCl, 6 mg/L CaGl 13.2 mL/L concentrated (12.2
disease characterized by defects in the eye, facial featuresN) HCI, nucleotides (0.5 g/L adenine, 0.65 g/L guanosine,
and umbilicus. Sequencing of DNA from human patients has 0.2 g/L thymine, 0.5 g/L uracil, 0.2 g/L cytosine), vitamins
shown that many mutations RITX2result in single amino (1 mg/L choline chloride, 1 mg/L pyridoxal phosphate, 100
acid substitutions within the homeodomain regidB-{48). ng/L riboflavin, 50 mg/L thiamine, 50 mg/L niacin, 1 mg/L
Although modeling and biochemical studies have provided biotin), and trace elements (1@@/L MgCl:6H;0, 20ug/L
useful insights into the effect of these mutations (refer to FeChk-4H;0, 0.7ug/L CaCb-2H;0, 0.26ug/L H3BOs, 0.16
Table 2), no structure-based information is available on how #9/L MnClz-4H;0, 16 ng/L CuC}-2H;O, 2.4 ug/L Nap-
these mutations might affect the PITX2 homeodomain M0Os2HO, 10uM FeCk, 135 mM CaCl, 50uM ZnSOy)]
properties. containing 150 mg/L ampicillin, 4 g/L glucose, and 1 g/L

In the present study, the NMR solution structure of the NH4C| Half a liter of bacterial culture was grown in baffled
PITX2 homeodomain bound to its consensus DNA binding flasks in an incubator shaker at 3€ until saturation Asoo
site is reported. This represents the first experimentally ~ 5.0). This culture was spun down (2@)QL0 min) and
determined structure of a native K50 class homeodomain. resuspendechil L of minimal medium enriched with 10%
The results reveal a tertiary structure similar to other “N*C-Isogro, *C-glucose, and"®N-ammonium chloride
homeodomains, with K50 making contacts with the two (Sigma-Aldrich). Expression was then induced by addition
guanines adjacent to the TAAT core DNA sequence. of IPTG to a final concentration of 0.1 mM, followed by
Evidence indicates that K50 may interact with DNA in a growth at 20°C for approximately 24 h.
flexible manner. The tertiary structure of PITX2 indicates  Purification of the PITX2 Homeodomai@ells were lysed
that the first two helices are slightly closer to each other with lysozyme and sonication. Cleared lysate was applied
than in the EnQ50K mutant, and the third helix has a slightly to a glutathione sepharose column and washed with PBS
different position relative to the other helices. We discuss buffer, followed by thrombin cleavage buffer (50 mM trizma
how these structural properties of PITX2 might affect the hydrochloride, 150 mM NaCl, 2.5 mM Cag£pH 8.0). The
biochemical functions of the PITX2 homeodomain. On the resin was resuspended in thrombin cleavage buffer (TCB)
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and transferred to a 50 mL conical tube. The homeodomain Structural Constraints.The main source of structural
was cleaved from the glutathione S-transferase fusion taginformation was the protoaproton distance constraints
using 1 mg of thrombin fio3 h at 4°C. Nearly complete identified from NOESY spectra. Three-dimensior&l-
cleavage was obtained during this time as measured byNOESY-HSQC experiment$4) using 50-125 ms mixing
SDS-PAGE. The cleaved protein was then eluted from the times were used for intramolecular restraints in the home-
resin using 5 bed volumes of TCB. It was loaded onto a SP odomains, along with #C-NOESY-HSQC experiment using
sepharose fast flow column (2 mL bed volume, Amersham), a 150 ms mixing timeg5).

washed with washing buffer (10 mM NaPiO,, 250 mM Intramolecular distance restraints for the DNA were
NaCl, pH 7.0), and eluted with buffer containing a higher obtained from a8 scaling of cross-peak volumes in the
salt concentration (10 mM NaRQ,, 1 M NacCl, pH 7.0). NOESY spectra. Upper and lower bounds were calibrated
Fractions containing the homeodomain were identified by on the cytosine intraresidue H56 NOE and set ta- 15%
Abs;7g (extinction coefficient= 18350 cm* M~1), pooled, of the calculated distance for base and pibtons. Restraint
and dialyzed overnight at4C in 10 mM NaHPQO,, pH 7.0. boundaries to other sugar protons were widened an additional
Protein yields were-4.5 mg/L of cell growth. The consensus 10% to account for effects of spin diffusion. Restraints from
DNA duplex (IdtDNA) (see Figure 1) was added to give a the longer mixing time 125 ms experiment were assigned a
1:1 protein:DNA ratio, and the complex was concentrated lower bound 63 A and an upper bound of 5 A.

by burying the dialysis bag in Spectra/Gel Absorbent Intermolecular restraints between the protein and DNA
(Spectrum), or Aquacide (Calbiochem). Samples were dia- were obtained from 2E°C(w,)-edited, [3C**N](w,)-filtered
lyzed in 10 mM NaHPQ, pH 7.0 after concentration. NOESY spectra &3, 65, 66). The NOEs were assigned
Complete protease inhibitors (Roche, 1 tablet in 3 mL, add manually, and only unambiguously assigned peaks were used
1 uL), leupeptin (0.3 mM), DTT (2 mM), and Pefabloc (0.2 as restraints in the docking calculation. Weak peaks were
mM, Roche) were all added to inhibit proteases. Sodium assigned an upper distance limit of 6.0 A, while medium
azide (6 mM stock, add AL to 540uL NMR sample) was peaks had an upper distance limit of 5.0 A, and stronger
added to prevent bacterial growth in the sample. The final peaks an upper distance limit of 4.0 A.

sample concentration was approximately 1 mM, in 90% 10 Data Processing and AnalysilRaw NMR data was
mM NaHPQO,, pH 7.0 and 10% BD. processed using NMRPipé7). Linear prediction was used

Determination of k. Measurements dfp were taken by ~ In the ti dimension for 2D spectra and in e and t>.
following the procedure of Dave et aR)( The DNA probe  dimensions for 3D spectra, using sinebell window functions
concentrations used in this analysis were 1, 2, 4, 8,16, 20,for apOQ|zat|on and zero filling in all dimensions. Spec'gra
and 40 nM. Quantitative gel shift assays were performed by Were viewed and analyzed using the Sparky graphical
measuring the bound and free fractions of the probes with aintérface €8). This program was used to pick peaks and
Phosphorimager as previously describ2t) (The datawere  integrate them using a Lorentzian function. _ .
analyzed using Microsoft Excel (linear regression analysis) ~ Structure CalculationReferenced chemical shift assign-
to determine the&kp value (~1/Kp = slope of the plot of ments and peak intensities from Sparky were entered into

bound/free against bound DNA). These results can be seerfhe structure calculation program CYANAY, 70). CYANA
in the Supporting Information. consists of an automated NOE assignment program, CAN-

NMR Structure Determinatior\ll NMR experiments were DID, Wh'Ch automatically assigns all NO.ESY cr'oss—peaks,
taking into account nearness of chemical shift, network

carried out on Varian Inova 600 and 800 MHz spectrometers. . . . . .
anchoring, ambiguous distance constraints, and constraint

The sample temperature was set to 295 K. Spectra Were ombination 70). The structure is then calculated using the
referenced to an external DSS standard.

i } . DYANA algorithm, which calculates structures using torsion

Protein Assignment$rotein*H, **C, and**N resonance  angle dynamics9). Calibration constants for peak intensi-
assignments were obtained primarily from heteronuclear- ties versus upper distance limits were determined automati-
edited NMR spectra, using conventional triple resondfise  cally by CYANA. The 20 lowest energy conformers were
{*3C.**N} NMR probes. The pulse programming codes were retained after structure calculation and used for docking to
written in-house. Approximately 92% of assignable atoms pNA.
were assigned. Sequence-specific assignment of the backbone Docking of the Protein to the DNAThe protein was
HY, N, C, C*, and C resonances were obtained from 3D gocked to the DNA using the AMBER all-atom force field
HNCO, HN(CO)CA, HNCA, CBCA(CO)NH, and HNCACB  jth the generalized Born solvation mod@Ll( 72). The 20
(49-59) spectra. Assignment of the aliphatic side-chain cyANA structures with the lowest values of target function
resonances was accomplished using a combination of 3Dyere docked onto canonical B-form DNA. This was chosen
*N-edited-TOCSY-HSQCH6, 57), HCCO)NH-TOCSY, g5 the starting DNA structure, since NOESY spectra for the
and HBHA(CBCACO)NH spectra5f). Aromatic *H and  complex indicated the DNA to be close to B-form. Starting
°C resonances were obtained from a combination of 2D styyctures of the complex were generated by systematically
HMQC, 2D HMQC-TOCSY, 3D HMQC-TOCSY, and 2D placing PITX2 in varying orientations relative to the DNA,
NOESY-HMQC spectrai8, 59). A HNHA experimentwas  jith helix 3 approximately 50 A from the DNA. For each
performed to assign+and to obtain coupling constan). of the 20 lowest-energy structures, 5 different orientations

DNA AssignmentfResonance assignments for unlabeled of the protein relative to the DNA were selected, yielding
DNA bound to3C,'*N-labeled protein were obtained using 100 starting conformers.
standard assignment methods for DN@L), The data was The protein was docked onto the DNA by a 20 ps
obtained with doubly3C/**N-filtered NOESY andv-filtered simulated annealing calculatioft & 600 K, time step= 1
TOCSY experiments6?, 63). fs) using an altered version of a procedure described
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previously for docking of TFIIIA to DNA {3). The

temperature was increased from 0 to 600 K over the first 4

ps, held at 600 K for 2 ps, and then slowly cooled to 0 K

over 14 ps. The weights of the force constants were linearly
increased from 0.1 to 1 during the course of the calculation.

DNA base-pairing was maintained by incorporating Wat-
son—Crick hydrogen-bonding restraints. These Watson
Crick DNA restraints were implemented as lower and upper
bound restraints on base-paired heteroatbteroatom (2.7

to 3.1 A) and heteroatorproton distances (1.67 to 2.07
A), and had a final force constant of 50 kcal mbRA -2,
The intramolecular protein and DNA restraints had final force
constants of 20 kcal mot A=2. Protein and DNA angle
restraints had a final force constant of 32 kcal Mol 2
Protein—-DNA intermolecular restraints had a final force
constant of 32 kcal mot A~2. Protein restraints were applied
to prevent the protein conformation from being altered too
much from the structure calculated by CYANA. DNA
restraints were applied to prevent fraying of the DNA, and
to maintain the structure close to B-form.

Structure Refinement and Analysifie 20 structures with
the lowest AMBER energy values were subjected to re-
strained energy minimization by the SANDER module of
the AMBER 7.0 package7(, 72). The 1994 version of the

force field was used. Each conformer was subjected to a

conjugate-gradient energy minimization calculation with
solvent included.
The evaluation of the structure, i.e., analysis of geometry,

stereochemistry, and energy distributions in the models, was

performed using the program PROCHECR4). Restraint
violations were analyzed using the program AQUZS)
Graphics were prepared using MOLMOLS).

RESULTS AND DISCUSSION

Structure Determination Assignments of the protein
backbone and side-chathl, °C, and**N resonances were

Biochemistry, Vol. 44, No. 20, 2005501

Table 1. NMR Structure Statistits

NMR constraints
protein

distance constraints 1259
intraresidue 513
sequential 338
medium-range 300
long-range 108

dihedral constraints 98
phi 55
psi 43

DNA 292
protein—DNA (intermolecular) 27
total 1676
CYANA target function value (AP 2.05+0.39
no. of violations
distance violationsX0.30 A) 0
dihedral angle violations(5.0°) 1
AMBER energies (kcal/mot)
mean AMBER energy —6268+ 250
van der Waals —399+ 33
electrostatic —39744 336
Ramachandran plot (%)
residues in most favored regions 80.1
residues in additional allowed regions 14.8
residues in generously allowed regions 2.3
residues in disallowed regions 2.8
rmsd from the mean structure (A)
protein (bb, residues-358) 1.38
all heavy atoms (residues-%8) 1.95
protein (bb, all residues) 1.85
DNA (residues 6878, 81-91) 1.30
complex (residues-358, 68-78, 81-91) 1.81

a A total of 30 conformers were calculated, and the 20 structures
with the smallest residual CYANA target function values were subjected
to docking and energy minimizatio~The value given for the CYANA
target function corresponds to the value before energy minimization
(the CYANA target function is not defined after energy minimization,
since the conformers no longer have ECEPP standard geonfethg.
value given represents the intra-protein interaction enériggr residues

obtained from heteronuclear spectra. Restraint data derivedz_gg

for the PITX2 homeodomainDNA complex are sum-
marized in Table 1. Analysis PN and*3C heteronuclear-
edited NOESY spectra recorded at various mixing times

molecular dynamics docking and energy minimization
procedure starting from the coordinates of the PITX2 protein

provided 1259 intramolecular distance restraints comprising calculated from CYANA and canonical B-form DNA as
513 intraresidue, 338 sequential, 300 medium-range, and 10&lescribed in Materials and Methods. The 20 structures with

long-range NOE contacts. Torsional restraints forgsadnd
43 vy angles were obtained from a 3D HNHA experiment,
and from using € chemical shifts 17, 78). Overall, there

the lowest total energies were selected for conformer analysis.
These structures exhibited mean AMBER energies@i268
kcal mol* and mean van der Waals and electrostatic energies

are 19 restraints per residue, on average, for intramolecularof —399 and—3974 kcal mot?, respectively. The mean

protein NOEs. All of these protein restraints were used for
structure calculation with the program CYANA (version
1.0.6) 69, 70). After the final round of structure calculation,
the 20 structures with the lowest CYANA target function
were used for docking to DNA and energy minimization.
The final average CYANA target function for the 20
structures was 2.05%

A total of 292 distance restraints between protons within
the DNA were obtained fror®C/**N-filtered NOE spectra.
A series of 2D'C(w4)-edited, [°C>N](wy)-filtered NOESY

AMBER energies given represent the intraprotein interaction
energy.

The superposition of the structures (Figure 2) demonstrates
a well-defined tertiary structure for PITX2 bound to DNA.
The structures have no distance violations greater than 0.3
A, and only 1 angle violation greater thaf. Analysis of
Ramachandran plots for the ensemble indicates that the
structures generally show favorable backbone conformations
within allowed conformational space, with 80.1% of the
residues 358 within the most favored regions, 14.8% in

spectra provided 27 unambiguous intermolecular restraintsadditionally allowed regions, 2.3% in generously allowed
between the protein and the DNA. These restraints wereregions, and 2.8% in disallowed regions for the 20 conform-
entered into the program AMBER for docking and energy ers (Table 1). The N- and C-termini are largely disordered.

minimization, as described in Materials and Methods.
Quality of the NMR StructuteThe structure of the
PITX2—DNA complex was calculated by a restrained

When superimposed, residuesi8 have an average root-
mean-square deviation (rmsd) from the mean structure of
1.38 A for backbone (N, § C', and O), 1.95 A for all heavy
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(a)

(b)

Ficure 3: Structure of the PITX2 homeodomai®NA complex.
(a) Mean structure of the homeodomain. Helix 1 is colored pink,

FiGURE 2: Ensemble of structures of the PITX2 homeodomain ~ Nelix 2 green, and helix 3 purple. The DNA strands are colored
DNA complex. (a) Ensemble of 20 structures showing the protein coral. (b) Ribbon diagram of the mean structure of the PITX2
backbone N, € and C atoms and the DNA backbone. Helix 1 is homeodomairr DNA complex.

colored pink, helix 2 green, helix 3 purple, and the DNA strands

are coral. Superimposition was performed using backbone atoms(F8, L13, L16, F20, L40, V45, W48, and F49). These amino

from protein and DNA. (b) Alternate view of the structure, rotated 5¢ids are either invariant (W48 and F49) or highly conserved
by approximately 90 in all homeodomains3 81, 82). In a threading analysis
atoms, and 1.85 A for the backbone when all residues areperformed previously for the PITX2 homeodoma88); it
included. The global rmsd for all DNA heavy atoms was hypothesized that the tertiary structure of the PITX2
(nucleotides 6878, 81-91) is 1.30 A. The rmsd for the homeodomain would be similar to other homeodomains,
entire complex (residues-38; nucleotides 6878, 81-91) mainly because many of these hydrophobic amino acids that
is 1.81 A. are present in other homeodomains are also present in the
Tertiary Structure of the PITX2 HomeodomabDNA PITX2 homeodomain. The threading analysis threaded the
Complex The overall tertiary structure of the PITX2 PITX2 homeodomain sequence to the Engrailed home-
homeodomain is similar to other homeodomains, supporting odomain structure, so the overall tertiary structure ended up
previous findings that this tertiary structure is well conserved being very close to that of Engrailed. The threading analysis
among homeodomaing,(3, 79, 80). The tertiary structure  did not provide a PDB file that we could analyze in detalil,
of the PITX2 homeodomain is composed of theebkelices and in any case is not necessarily indicative of the true
(Figure 3). Helix 1 (residues 1€0) is followed by a loop molecular structure. For this threading analysis, the focus
region, and then helix 2 (residues-287) runs antiparallel ~ was the role of Rieger mutations in causing disease, and there
to helix 1. Helix 2 and helix 3 (residues 438) form a was no discussion of the role of K50 in determining the
helix—turn—helix motif. Helix 3 is approximately perpen- DNA-binding affinity and specificity of the homeodomain,
dicular to helices 1 and 2, and fits into the major groove of which is something best addressed via an experimentally
the DNA. The N-terminus of the homeodomain makes determined structure rather than a threading model. This
contacts within the minor groove of the DNA. study also did not analyze the K50 Rieger mutants, so there
The helices of the PITX2 homeodomain are held together is no indication what the structure of this side chain was in
by a core of eight tightly packed hydrophobic amino acids their analysis. In the absence of an experimentally determined
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structure, the threading model was most useful for visualizing
some of the intramolecular interactions that stabilize the
tertiary structure, and the predicted interactions are consistent
with our experimental data. While we cannot compare our
PITX2 tertiary structure directly to that of the threaded
structure, we can compare it to EnQ50K and other home-
odomain structures. In our experimentally determined struc-
ture, the first helix is closer to the second helix when
measured from the backbone nitrogen of L16 to the backbone
nitrogen of 134 and compared to the EnQ50K, Antennapedia,
wild-type Engrailed, Fushi tarazu, vnd/NK-2, and MAZ
homeodomains 7 84—88). As far as this distance is
concerned, PITX2 is an outlier compared to the other six
homeodomains. This distance is a range of 9.60.70 A
for Antennapedia conformers, 9.43 A for the crystal EnQ50K
structure, 9.54 A for wild-type Engrailed, 9.301.10 A for
Fushi tarazu, 8.67 A for vnd/NK-2, and 10.9 A for MA®.
However, for PITX2 this distance range over the 20
conformers is only 7.558.58 A, which is an average of 1.8
A closer. In view of the rmsd for the PITX2 protein backbone
atoms (residues-358) of 1.38, this result is still significant,
when compared with the ranges of distances seen in the
structures of the other homeodomains. This difference is
especially significant when considering that the rmsd for
helices 1 and 2 alone is only 0.78 A. The range for the
distance between L16 and 134 for all of the other homeo-
domains together is 8.6711.10 A, and the PITX2 distance
range is completely outside of this. FiGure 4: Overlay of PITX2 homeodomain and EnQ50K homeo-
In addition to the narrower distance between the first and domain structures. Cyan corresponds the structure of the PITX2
second helices in the PITX2 structure, there are several othe E%g]gci)lggmr%m‘aﬁtnﬂ ongl:j Oﬁ;ﬁép&?da etl?cetgel S;r#gtuzreag ;g‘_a
differences between the PITX2 and EnQS0K structures. In proximately 1.8 A closer to each other in PITX2 than in other
particular, the third helix of PITX2 is positioned about 0.5 homeodomains. (b) Alternate view, rotated by approximatefy 90
A lower (closer to the N-terminus of helix 1 and C-terminus Helix 3 is about 0.5 A lower in PITX2 than in EnQ50K.
of helix 2) than in EnQ50K (Figure 4). This difference in
orientation of the three helices causes slightly different that is found in the loop region between helices 1 and 2 in
contacts to be made between the first and third helices, andPITX2, but is not present in Engrailed or Fushi tarazu.
may provide a partial explanation for the decreased stability In the PITX2 structure, the N- and C-terminal segments
of this homeodomain. Unlike other homeodomains that are —2 to 2 and 60 to 68 (Figure 1) appear disordered (Figure
stable in the free form32, 86, 89—92), the PITX2 homeo- 2), which is to be expected on the basis of a lack of medium-
domain is unstable in the absence of DNA in that it range and long-range constraints for these residues. Analysis
irreversibly aggregates at micromolar concentrations, which of *°N relaxation data (unpublished) indicates that residues
suggests a possible lack of stable tertiary structure in the —2 to 2 and 59 to 68 are more mobile in solution, explaining
free form. This may be due to slightly different hydrophobic the observed disorder and lack of restraint information for
interactions within the core of the protein, and the absence these regions.
of other stabilizing interactions such as the salt bridge linking ~ Our study also reveals structural information about the
residues 19 and 30, which can be present in most homeo-DNA when it is bound to the protein. Distance restraints
domains 93) but is not possible in PITX2. One difference obtained from the experiments described above for assigning
seen here is that F49, which is nearly invariant among the DNA were entered into AMBER during the docking
homeodomains, points slightly upward toward the loop procedure. Visual inspection of the structure of the PITX2
region of the homeodomain, instead of pointing toward the homeodomairr DNA complex indicates that there is a slight
interior of the protein. The orientation of the first helix in widening of the minor groove of the DNA compared to
relation to the third would cause a steric clash with F49 if it B-form DNA, and a concomitant narrowing of the major
were in an orientation similar to that of other homeodomains. groove. Previous structures of proteildNA complexes have
While there is still an interaction involving F49 and F20 indicated that changes in DNA structure are possible upon
within the hydrophobic core of the PITX2 homeodomain, protein binding 94). A more thorough, quantitative analysis
the orientations of the side chains themselves are different.of the DNA structure when PITX2 is bound will not be
This differing orientation may lessen the strength of the possible until a high-resolution structure of the DNA is
interaction between the first and third helices, which may determined, using isotopically labeled DNAS).
affect the stability of the protein in the absence of DNA. Proteinr—DNA RecognitionAnalysis of the filtered NOE-
This difference in orientation may be due to any number of SY experiments produced 27 unambiguous distance restraints
differing residues between the two homeodomains (seebetween the protein and the DNA (see Supporting Informa-
Supporting Information). One possibility is a proline residue tion for a list). These include contacts that have been seen
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Ficure 5: Detailed view of the proteinDNA interface and proteinDNA contacts. The backbone of the protein is shown in beige, with

the C—H® bonds shown with small blue lines. Side chains of the protein are illustrated in cyan. On the DNA, blue corresponds to guanine
residues, green to cytosine, pink to adenine, and purple to thymine. (a) View of the plddMNOE contacts between the N-terminus

of the PITX2 homeodomain and the minor groove of the DNA. (b) View of the pretBlNA NOEs between Y25, R31, and the DNA.

(c, d) View of proteir-DNA NOE contacts between residues in the third helix and the major groove of the DNA.

in other biochemical and structural studies of homeodomains. In the second helix, R31 has a NOE contact from the H
Many of the residues that interact with the DNA are positionto G82 Q5(Q refers to a pseudoatom representation,
arginines, including R3 and R5 at the N-terminus, R31 in to indicate that stereospecific assignment of tharkd 53'
the second helix, and R46, R52, and R53 in the third helix protons was not made), as can be seen in Figure 5b. HBPLUS
(Figure 5). Other residues that were found to make DNA analysis 96) indicates that R31 is making a hydrogen bond
contacts are Y25 and F49. A number of NOESY peaks were contact with the phosphate backbone of this nucleotide. In
also seen between K50 and the DNA, and these contactshe loop between helices 1 and 2, Y25 il making NOE
are discussed further below. _ , contacts with G81 Q%and G82 H. In the third helix, V47

A detailed picture of the proteinDNA interface is shown Q" is making conserved NOE contacts to A72'Q&73
in Figure 5. This figure illustrates the orientations of some o ang 2'H, and T74 6H. Residue W48 has a NOE contact

of the side chains that are important in DNA binding, between M and A72 8H. R44 His making contact with
particularly within the third helix (the specific atom contacts DNA proton A73 8H RA;4 O with T74 4H, and R44 O

are indicated in Figure 5). Figure 1b outlines the numbering with T74 2'H. HBPLUS analysis indicates that R44 is

of the DNA used in the following discussion. Figure 5a i backb hvd bond he phosph
illustrates the proteirDNA NOE contacts seen within the maxing a backbone hiydrogen bon c_ontact tot.ep_ osphate
of T74. Residues 44, 47, and 48 are illustrated in Figure 5c.

N-terminal arm. NOE contacts were seen in the minor groove

between R2, R3, and R5 and DNA residues A72, T74, and In the third helix, R46 and R52 appear to be making
G8o. Althodgh the NOESY-derived distance constraints conserved contacts with the DNA backbone. R46 extends

indicate contact between residues R3 and R5 and the minoPward, and R52 extends downward to make these contacts
groove, 5N relaxation data (unpublished) indicates that this (Figure 5d). R46 Qhas a NOE contact with G84 8H. R52
region of the N-terminus does retain some degree of mobility; @ has a NOE contact with T71 QER53 Q makes a NOE
similar results were reported for the Even-skipped home- contact with G83 4. All of these NOEs could be due to
odomain, on the basis of refined atomic B fact®8)(Broad the close proximity of the atoms while the side chains form
line widths were observed for the backbone NH resonanceshydrogen bonds with backbone phosphate groups. NOEs are
of His7 and Phe8, which are indicative of slow time scale also seen between F4%@nd G83 4H and Q5. K50 will
motions in this region of the homeodomain and could be discussed further below, but as can be seen in Figure 5d,
possibly render undetectable possible NOEs from thesethere are NOE contacts between the K50 side chain and
residues to the DNA. atoms from G83 and G84.
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Ficure 6: (@) View of the 20 conformers, with only the K50, G83, and G84 backbone and side-chain atoms shown to illustrate the extent
of disorder of the K50 side chain, implying possible mobility of this side chain in interacting with the DNA. K50 atoms are shown in blue,
and G83 and G84 atoms are shown in pink. Backbone atoms are bolder than side-chain atoms. (b) Strips from an H({CCO)NH-TOCSY
spectrum showing proton resonances for the side chains of K58 and K50. Line broadening of resonances in the K50 side chain, leading to
the weak or missing signals, is indicative of possible motion of this side chain. The asterisks in the K50 slice indicate peaks breaking
through from an adjacer®N plane. The sole K50 peak is for the*lgroton resonance.

Other residues that were observed in the calculated the first experimentally determined structure of a native K50
structures to be in close contact with the DNA, but without class homeodomain, and is important for validating results
NOEs being seen in the NMR data, are N51, K55, R57, and seen in the studies of non-native proteins. When binding to
K58. N51 is nearly invariant among homeodomaii® @nd the consensus site, the position of K50 is very similar to
is found herein to make the same highly conserved interactionthat seen in the EnQ50K structure, with the side chain of
within the major groove with base A73. This residue has K50 extending outward and making contacts with the two
been shown in crystal structures to form a pair of hydrogen guanines adjacent to the TAAT core sequence on the
bonds with this adenine at the N7 and N6 positions, while antisense strand (Figure 5d). NOEs are observed between
NMR studies have indicated possible rapidly interchanging the K50 Q and the Q5protons of G83 and G84. The®df
conformations 32, 97). NMR studies have shown this close the K50 side chain is likely making hydrogen bond contacts
interaction, but no NOEs are seen, possibly due to line- to the O6 and N7 atoms of G83 and G84, according to
broadening effects9{). While no NOEs are seen between analysis by HBPLUS96).

K55, R57, or K58 and the DNA, HBPLUS analysis of the ~ NMR spectroscopy allows one to obtain information about
complex indicates that there are possible interactions presentthe mobility of the protein backbone and side chains. A key
K55 may be forming a hydrogen bond with the phosphate finding in the present study was that the side chain of K50
of T71. R57 may be contacting the phosphate of G84. K58 potentially mediates recognition by fluctuating between
may be contacting the phosphate of C70. Due to the usualmultiple conformations. The conformational heterogeneity
sensitivity limitations in the edited/filtered NMR experiments can be seen in Figure 6a. This preliminary evidence is based
employed to identify intermolecular NOEs, it is quite likely on averaging of NOEs and broadening of resonances for this
that a number of anticipated NOEs fall at or below the residue. The averaging of NOEs was dealt with as ambiguous
threshold for detection. distance constraints within the structure calculation in

The Role of Lysine at Position 580 previous structures ~ CYANA, and these constraints were satisfied in all structures
have been described for any native K50 class homeodomainsof the family. When results from an H{CCO)NH-TOCSY
However, the X-ray crystal structure of the Q50K mutant of experiment are compared between the K50 and K58 side
the Engrailed homeodomain bound to DNA has been chains (Figure 6b), peaks are easily seen for the K58 side-
reported 7), and the side chain of K50 was found to project chain resonances, but only thé Hesonance is seen for the
into the major groove of the DNA, making hydrogen bond K50 side chain. The extra peaks in the K50 strip of Figure
contacts with the O6 and N7 atoms of the guanines at base6b are from another residue on an adjacent nitrogen plane
pairs 5 and 6 of the complementary strand of the TAATCC and are strong enough to show up as residual peaks on this
binding site. Our structure of the PITX2 homeodomain marks plane. The broadening of resonances for this side chain made
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it difficult to assign using typical heteronuclear-edited NMR chains appears to be a significant feature of various modes
spectra. Instead, assignments were made using NOESYof proteinr—DNA interactions. Foster and co-worker@g[
spectra and eliminating assignments from nearby residueshave reported clear indications of substantial, conformational
until only K50 resonances were left. In principle, it is possible fluctuations in lysine side chains in the interface of the zinc-
that the line broadening of K50 side-chain resonances couldfinger protein TFIIIA with its DNA binding site, including
be caused by ring current effects from aromatic bases in thethe observation of broadened resonances and multiple NOE
DNA, or by mobility of other nearby protons in the DNA contacts that strongly suggest rapid conformational averaging.
binding site. However, no anomalous line broadening was Significant line-broadening effects were also reported for a
observed for DNA proton resonances in the vicinity of the lysine side chain in NMR studies of the telomeric DNA
K50 side chain. In addition, results similar to those reported complex of trf1 ©9). In addition to NMR studies, molecular
here have been seen in other DNA-binding proteins in which dynamics simulations of wild-type3() and a Q50K mutant
side-chain mobility appears to cause line broadening of (33) of the Antennapedia homeodomain bound to DNA
resonances (vide infra)32 97—99). These results, in  provide further evidence in support of a dynamic home-
combination with the multiple conformations observed for odomain-DNA interface. For example, the Q50K simula-
K50 in EnQ50K, provide compelling evidence that the side tions indicated that the side chain of K50 exhibited very
chain of K50 is mobile. Preliminar§?N relaxation measure-  pronounced mobility, with several arrangements of the lysine
ments of the homeodomain backbone dynamics (un- side-chain torsion angles allowing for frequent contacts, both
published) did not show anything unusual in the region of hydrogen-bonding and hydrophobic interactions, with base
K50. Some degree of side-chain mobility at the protein  pairs 5 and 6 in the TAATCC binding site. In this case, the
DNA interface would be expected to confer an entropic lysine in the Q50K mutant provides both entropic and
advantage for binding to the DNA. It has been estimated enthalpic contributions to protetrDNA affinity. A general
previously that the entropic cost of keeping a lysine side observation arising from the known structures of home-
chain static during binding is 3 kcal mdl (100. This odomain-DNA complexes is that the region of position 50
possible entropic component cannot be assessed until ds notin intimate contact with the bases of the major groove.
detailed thermodynamic study is performed for this complex. Such a relatively unrestrained arrangement allows for
This hypothesis of K50 side-chain mobility will be explored relatively long-range contacts to be formed in multiple,
further in the future, but for now, it is complementary to the possibly isoenergetic ways.
data for the EnQ50K mutant7). The crystal structure Previous studies have shown that the lysine at position
indicates that there are two alternate conformations for the 50 is critical for its binding to the TAATCC DNA binding
K50 side chain, one in which the side chain points to base site 82). In contrast, homeodomains with a glutamine at
pairs 5 and 6, and one in which the side chain is oriented position 50 bind to TAATGG sites with a higher affinity.
slightly more toward base pair 5. It must be pointed out that The glutamine at position 50 appears to have a more modest
this X-ray structure was solved at cryogenic temperatures, role. When this residue is mutated to an alanine, the Q50A
so there is the possibility that there is a freezing out of a mutant has an affinity and specificity very similar to those
subset of conformational populations. It is possible that theseof the wild-type protein, but when mutated to a lysine, the
results indicate two static, nearly isoenergetic conformations specificity changess). These studies, along with the current
for this side chain of EnQ50K, rather than a dynamic results, indicate that the interaction between K50 and the
fluctuation between two conformations. TBdactors in this two guanines at positions 5 and 6 is vital to the affinity and
case provide no evidence for distinguishing between thesespecificity of the protein. The current model for specific
possibilities. TheB-factors are low for the side chain of K50 homeodomairDNA interactions consists of a fluctuating
in the 1.9 A crystal structure of EnQ50K, varying over the network of hydrogen bonds formed between polar groups
range 20.8 to 23.6, which are the lowest values in the protein, of the protein and the DNA, and the interfacial wat8t)(
aside from the aromatic ring of F48-factors of about 20  These interactions are further complemented by hydrophobic
indicate uncertainties of about 0.5 A. TypicalB;factors contacts. The possible fluctuating hydrogen-bonding interac-
of 60 or greater in high-resolution crystal structures indicate tions between K50 and the DNA and subsequent strict
possible mobility of a side chain. So, according to the crystal specificity of this class of homeodomains are consistent with
results, the side-chain position of K50 is well defined in the this model. Investigation of side-chaithase interactions has
crystal, in contrast to the possible mobility of the K50 side shown that lysine guanine interactions are very common
chain seen in our results. The true nature of the side-chain(101). K50 homeodomains may have such a strong specificity
conformation and dynamics may involve a combination of for the TAATCC site because the orientation of the lysine
the states revealed by the two different experimental ap-is in an ideal position for the charged group to make
proaches, so that the K50 side chain has two predominanthydrogen-bonding contacts with the two guanines. In con-
conformations, and fluctuates between these alternatives. trast, these hydrogen bonds cannot be made with cytosines,
Although a more detailed characterization of the side-chain which are in these positions for the Q50 binding site
dynamics in the PITX2DNA interface must await data from  TAATGG (101). The N7 of guanine is the most electroneg-
experimental NMR relaxation measurements and molecularative region of the major groovelQ2), and the favorable
dynamics simulations, substantial support for our observationinteractions that the lysine can make with both guanines in
of flexibility in the K50 side chain already exists from studies a mobile model may determine why K50 homeodomains are
of related systems. Significant broadening of side-chain so specific for the TAATCC binding site, rather than other
resonances at the proteiDNA interface was observed in  binding sites.
studies of homeodomairDNA complexes of Antennapedia Analysis of Residues Mutated in Rieger Syndrohinere
(97) and NK-2 @2). Moreover, flexibility in lysine side have been 9 mutations found in the PITX2 homeodomain
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Table 2. PITX2 Homeodomain Mutation8g, 45, 48, 103-109) the second helix, away from the DNA, so it does not appear
i g " to play a role in DNA recognition. Biochemical studies have
mutation : isease pm?er fes shown that this mutant can still bind consensus DNA, but
L16Q  Rieger syndrome “b'?ﬁgai‘ﬁgev no activation, noDNA g |onger activates transcription of a reporter gea®. (This
T30P  Rieger syndrome no activation, only binds consensus re_S|due may pe_rform an activation f_unctlon_ by interacting
R31H iridogoniodysgenesis reduced activation, only binds with other proteins, which could easily be disrupted by the
_ consensus site o effects of the proline mutation. An interesting observation
V45L  Rieger syndrome <10-f%|d_feductlor! in DNA binding, is that, in many homeodomains, residue 30 is involved in a
g . 200% increase in activation salt bridge to residue 19, whereas this is not possible for
R46W iris hypoplasia reduced binding to nonconsensus . . .
site, reduced activation PITX2. The side chain of R31, as described above, appears
K50E  Rieger syndrome no DNA binding or activation, to contact the DNA backbone phosphate of G82. Therefore
_ dominant negative mutating this residue, even to another positively charged
KS0Q  Rieger syndrome  notknown residue, may disrupt this interaction with the DNA and may
R52C  Rieger syndrome not known di t ibl It brid ith EA2. The histidi id
R53P  Riegersyndrome  no nonconsensus binding, no ISfupt a possibié salt briage wi - 1he hisudine side
activation, dominant negative chain at this position in the mutant may not have favorable

steric interactions with the DNA. The side chain of V45
points toward the interior of the protein from the third helix.
Like L16, this side chain appears to be involved in formation
of the hydrophobic core of the protein. Unlike the L16Q
mutant, the V45L mutant has the unusual characteristic of
having a greatly heightened activation function, while having
a reduced DNA-binding ability. It is possible that this mutant
affects the protein in a way that alters these two functions
separately, with a different fold of the protein that allows
for a more efficient interaction with other proteins. For
example, altered interactions of the PITX2 homeodomain
with the C-terminal tail of the full-length PITX2 protein
could have differential effects on DNA binding and activation
(110. The DNA-binding functions of R46, K50, R52, and
R53 were discussed in detail above. Mutating these residues
would disrupt many favorable interactions with the DNA,
and biochemical studies have indicated that these mutations
interfere with DNA binding. Overall, these results are similar
to the threading analysis, but provide a more direct and

) _ _ detailed understanding of the roles of these residues.
Ficure 7: Ribbon diagram of the PITX2 homeodomaDNA

complex showing the positions of the side chains for the residues Many of the residues in the PITX2 homeodomain found

known to be mutated in Rieger syndrome and related disorders. tO be altered in Rieger syndrome are involved in contacting
the DNA. Other residues are involved in forming the

in Rieger syndrome and related disorde3s, @5, 48, 103~ hydrophobic core of the protein, which stabilizes the global
109. These mutations, along with their known biochemical fold. The analysis of mutations causing structural changes
effects, are listed in Table 2. The consequences of thesecould be very relevant for the understanding and prediction
mutations vary. Some mutations cause a total lack of DNA of dysfunctions caused by mutations in homeodomains, as
binding, while others can still bind DNA, albeit with a several homeodomains are known to be involved in various
decreased affinity. These consequences are directly reflectedliseasesl(11—-115).
in the severity of the disease. A model of the PITX2
homeodomain structure was created previously by threadingCONCLUD”\IG REMARKS
analysis, which allowed predictions to be made regarding The structure previously determined for the Engrailed
the role of Rieger syndrome mutations in PITX2 dysfunction, Q50K mutant {) provided some interesting insights into the
although it is not necessarily an indication of the true possible role of lysine at position 50. The presence of
molecular structure8Qd). hydrogen bonds between position 50 and the DNA had not
The orientations of the side chains altered in Rieger been seen previously. But many questions remained unan-
syndrome patients are shown in Figure 7. Analysis of these swered concerning the role of lysine in a native K50
orientations provides insights into the role of each side chain, homeodomain. For example, the Engrailed mutant has a
and how mutations in these positions could alter the structuredissociation constant of 0.0088 nM)( representing an
and function of the protein. Future studies will focus on unusually high affinity for homeodomairDNA interactions.
analyzing the mutant proteins by NMR spectroscopy. The Previous studies have indicated that proteins with excessively
side chain of highly conserved L16 points toward the interior high affinities for DNA or RNA can cause functional defects
hydrophobic core of the protein, and is probably involved (116 117). The unusually high affinity of EnQ50K for DNA
in stabilizing both the formation of this core and the overall suggests that it may have properties that make it different
tertiary structure of the protein; the L16Q mutation would from natural K50 homeodomains. Unlike the Engrailed
therefore be expected to destabilize or disrupt this hydro- mutant, the native K50 class homeodomains PITX2 and
phobic core. The side chain of T30 extends outward from Bicoid have properties that make them unstable in free forms,
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and have affinities within the normal nanomolar rangs, ( NOTE ADDED AFTER ASAP PUBLICATION
26, Supporting Information). When DNA is not present, these
proteins will irreversibly aggregate and precipitate out of
solution at micromolar concentrations. These differences in ublished 4/26/05
biochemical properties between the mutant and natural ksoP '

proteins suggest the importance of understanding the struc-syppPORTING INFORMATION AVAILABLE

tural properties of lysine at position 50 in the context of a . . o
native K50 class protein. Sequence alignment of homeodomains (Table S1), binding

affinity of the PITX2 homeodomain (Figure S1), HSQC with

But the question still remains as to what causes these . . ! g .
. the residues labeled (Figure S2), chemical shift assignments
differences. The authors of the EnQ50K structure found that ¢~ v« B1T%2 homeodomain and its DNA binding site

the mutant bound to DNA more tightly and specifically than (Tables S2-S7), proteilDNA contacts (Table S8), and

did the native protein?). They hypothesized that this was  pamachandran plot for the PITX2 homeodomain (Figure S3).
due to very specific hydrogen bonds between the K50 side This material is available free of charge via the Internet at
chain and the guanines at positions 5 and 6 on the a“t'sens‘ﬁttp:/lpubs.acs.org.

strand. In our study, we found that the native K50 home-
odomain PITX2 has a slightly different tertiary structure, with
helix 1 being closer to helix 2 than in other homeodomains,
including the EnQ50K mutant. Helix 3 is angled about 0.5 1. Gehring, W. J., Muller, M., Affolter, M., Percival-Smith, A.,

A closer to the N-terminus of helix 1 and C-terminus of helix Billeter, M., Qian, Y. Q., Otting, G., and Whrich, K. (1990)

2 than EnQ50K. This appears to cause a difference in the :Il'_he ztrugturetofatghzesh%ggodomam and its functional implications,
way that helix 1 and helix 3 can interact, and previous studies val,sv_,egiéé), C. Yahg’ F. Tung, C., and Ma, J. (2000)
have shown that this interaction between the helices stabilizes = Reprogrammable recognition codes in Bicoid homeodomain-DNA
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