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ABSTRACT: Pancreatic and duodenal homeobox 1 (Pdx1) is a homeodomain transcription factor belonging
to the ParaHox family. Pdx1 plays an essential role in pancreatic endocrine and exocrine cell development
and maintenance of adult isletâ-cell function. Mutations in the humanpdx1gene are linked to an early
onset form of non-insulin-dependent diabetes mellitus, MODY-4. We demonstrate that the homeodomain
reproduces the binding specificity of the full-length protein. We report the 2.4 Å resolution crystal structure
of the homeodomain bound to a target DNA. The two Pdx1/DNA complexes in the asymmetric unit
display conformational differences: in the DNA curvature, the orientation of the homeodomain in the
major groove, and the order of the N-terminal arm. Comparing the two complexes indicates invariant
protein-DNA contacts, and variant contacts that are unique to each binding orientation. An induced fit
model is proposed that depends on the DNA conformation and provides a mechanism for nonlocal
contributions to binding specificity.

Pancreatic and duodenal homeobox-1 (Pdx11) [also known
as insulin promoter factor-1 (Ipf1), islet/duodenum ho-
meobox-1 (Idx1), and somatostatin transactivating factor-1
(Stf1)] is a homeodomain (HD) protein essential for pan-
creatic development, differentiation of pancreaticâ-cells, and
proper function of the mature endocrine pancreas (reviewed
in refs 1, 2). Expression in the adult is primarily restricted
to pancreaticâ-cells, with some expression in pancreaticδ-
and acinar cells, and neural cells (1, 3-6). Pdx1, along with
Gsx and Cdx, is a member of the ParaHox gene cluster,
which diverged from the Homeobox (Hox) cluster through
an early duplication event (7, 8). The sequence of Pdx1 is

highly conserved in zebrafish,Xenopus, and mammals (2).
Among the Hox factors, the Pdx1 sequence resembles Hox3
most closely (9) (Figure 1a). All ParaHox genes are
expressed in the endocrine pancreas, but only Pdx1 is
specifically expressed inâ-cells (10).

The consensus binding site for Pdx1 was defined as 5′-
TAAT(T/G)-3′ (11). Pdx1 is one among several HD factors
expressed in the pancreas, including the Parahox proteins
Gsx and Cdx, the paired-box proteins Pax4 and Pax6, the
NK2 proteins Nkx2.2 and Nkx6.1, Brn4, the LIM protein
Isl1, and the POU proteins Hnf-1R and Hnf-1â (12, 13).
While the consensus binding site varies among these HD
factors, many of them are capable of binding sequences
which include a TAAT core (14-16). The unique role of
Pdx1 in regulatingâ-cell development and homeostasis
suggests the importance of selective DNA binding. Hox
proteins depend on the interaction with other DNA-binding
proteins that act as Hox cofactors to achieve DNA-binding
specificity (17). Similarly Pdx1 interacts with different
cofactors depending on the cellular context. In pancreatic
δ-cells Pdx1 interacts with Pbx1 and Prep1, from the PBC
and MEIS classes of the three amino acid loop extension
(TALE) family of HDs, to regulate the somatostatin promoter
(18, 19). In neural cells, Pdx1 utilizes a different binding
site on the somatostatin promoter than inδ-cells, suggesting
a distinct protein complex (6). In pancreatic acinar cells, Pdx1
interacts with Pbx1b and Mrg1 to regulate the elastase I gene
(20). Interaction with the TALE proteins is mediated through
a conserved pentapeptide motif, FPWMK, located 10 resi-
dues N-terminal of the HD (21-24). Pdx1 is also known to
interact with cofactors from other protein families. In
pancreaticâ-cells, where the TALE factors are not present,
Pdx1 regulates the insulin gene that does not contain a Pbx
binding site (19). Instead Pdx1 interacts with the basic helix-
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loop-helix (bHLH) factor E47/NeuroD on the rat I insulin
promoter (25-27). The protein-protein interacting sur-
faces are not known for the Pdx1/E47/NeuroD complex, but
the HD of Pdx1 is sufficient to interact with E47/NeuroD1
(27).

Mutations in Pdx1 have been associated with a familial
form of type II diabetes, maturity-onset diabetes of the
young-type 4 (MODY-4) (28-30). MODY is characterized
by early disease onset (usually<25 years), autosomal
dominant inheritance, and a primary defect in insulin
secretion (31). Eight of the Pdx1 mutations are missense
mutations. One of these mutations, R197H, is located within
the HD region (32).

As a step toward characterizing DNA binding specificity
by Pdx1, we determined the three-dimensional structure of

the Pdx1 HD bound to its cognate DNA. We show that the
HD itself is sufficient to dictate the DNA binding specificity
observed for the full-length protein. The crystal structure
contains two nonequivalent protein/DNA complexes, each
demonstrating a number of unique DNA contacts. We discuss
the possibility of distinct induced conformations of the DNA/
Pdx1 complex for modulating DNA binding specificity on
different promoters.

EXPERIMENTAL PROCEDURES

Protein Cloning, Expression, and Purification.The gene
for the Syrian hamster (Mesocricetus auratus) pdx1was a
gift of Prof. German (pBAT14.shPdx1) (27). Residues 146-
206 (1-60 of the HD plus 1 extra-residue, an Asp, at the
C-terminus) were extracted by PCR and cloned into a

FIGURE 1: (a) Multiple sequence alignment of human Hox and ParaHox (underlined) proteins, and forDrosophilaAntp. The sequence for
the Syrian hamster Pdx1 is 100% identical to the human orthologue in the HD region. The amino acids that are strictly conserved are
highlighted in yellow. The secondary structure for Pdx1 is reported above the sequences. Numbering follows the convention for the 60
residues of the HD. Sequences were aligned with the program Clustal W (69). (b) Sequence of the 15-bp DNA fragment used to crystallize
the complex. The bases in bold (TAAT ) are the core binding site for Pdx1. The DNA sequence was numbered 5′ to 3′ according to the
TAAT strand (N-3N-2N-1T1A2A3T4N5N6N7, as in ref16). The complementary strand is labeled with/. (c) Ribbon drawing of the Pdx1-
HD/DNA complex structure. The complex is viewed along the axis of the recognition helix. The protein is in blue; the sugar-phosphate
backbone is in yellow, the bases are in orange except for the TAAT sequence in green. Model B (segids B, E, and F) is represented.
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pET24b vector (Promega) modified in our laboratory to
encode an N-terminal His-tag followed by a thrombin
cleavage site (referred to as pET24b-6H). The resulting
plasmid, pET24c-6H-Pdx1(146-206), was transformed into the
Escherichia colistrain BL21(DE3). The protein was over-
expressed after induction with 100 mM IPTG. Cells were
lysed and the Pdx1 HD was purified from the supernatant
by nickel-resin affinity chromatography according to the
manufacturer’s instructions (Qiagen). The six-histidine tag
was removed by incubating the purified protein with
thrombin at room temperature overnight. After thrombin
cleavage, two extra amino acids, Gly and Ser, remain at the
N-terminus of the protein. After a second purification step
through a heparin column (Amersham-Biosciences), the
protein was dialyzed into a buffer containing 100 mM Tris/
HCl pH 7.6, 150 mM NaCl, and 10% glycerol, and
concentrated with a centrifuge filter device (Amicon from
Millipore). High purity salt free (HPSF) oligonucleotides for
crystallization were purchased from MWG Biotech. Comple-
mentary oligonucleotides were mixed, heated to 100°C, and
then annealed by slow cooling in a water bath. The protein/
DNA complex was formed by mixing protein and DNA at
a 1:1.2 ratio; the final concentration for the complex was
0.77 mM. The complex was directly used for crystallization
without further purification.

Crystallization. Initial crystallization conditions were
identified using commercial crystallization screens (Hampton
Research, Emerald Biostructures, Nextal Biotechnologies)
with the sitting drop vapor diffusion method and optimized.
Eight different oligonucleotide sequences of varying lengths
and end configuration (blunt or single base overhang) were
screened. The best crystals were obtained with the micro-
batch-under-oil method: 1µL of the protein/DNA complex
was mixed with 1µL of a buffer containing 100 mM
imidazole pH 7.0, 280 mM MgCl2, and 21.4% PEG 4000.
The drops were covered with a mixture of paraffin oil (90%)
and silicon oil (10%) and placed at 8°C. Crystals grew
overnight and reached maximum size in 2-3 days.

Data Collection and Analysis. Crystals were flash-frozen
in liquid nitrogen after brief equilibration with a cryopro-
tectant solution containing 125 mM imidazole pH 7.0, 350
mM MgCl2, 125 mM NaCl, 26.8% PEG 4000, 7.7% PEG
400, and 6.25% glycerol. Data were collected at the SER-
CAT ID-22 beam line at the Advanced Photon Source (APS)
in Argonne, IL, with a MAR 300 detector. Data were indexed
and scaled using MOSFLM (33). The space group isP212121

with unit cell dimensions ofa ) 58.28 Å,b ) 61.92 Å, and
c ) 96.44 Å and two complexes in the asymmetric unit.

Structure Determination, Model Building, and Refinement.
The Pdx1 structure was solved by molecular replacement
using the crystallographic structure for theDrosophila
Antennapedia (Antp) HD/DNA complex (pdb id: 9ANT)
(34) as a search model. The HD sequences for Pdx1 and
Antp are 73% identical (Figure 1a). All nonidentical residues
were mutated to alanines in the search model: the DNA
sequence although different was not mutated. CNS was used
to search for molecular replacement solutions (35). The
model was built using O (36) and refined with CNS (35) to
a final R-factor of 22.2% andR-free of 27.3%.

Figures of protein and DNA models were generated with
PyMOL (37). The curvature of the DNA was calculated be-
tween backbone phosphates using the program Curves (38).

Structures were superimposed using either PyMOL (37) or
O (36).

DNA-Binding Assays.Electrophoretic mobility shift assays
(EMSA) were performed using the purified Pdx1 HD.
Double-stranded synthetic oligonucleotides containing the A1
sequence and labeled with an infrared dye (IRDye 800,
LiCor) were annealed following the manufacturer’s protocol.
Unlabeled double-stranded oligonucleotides of the A1,
albumin (Alb), GLUT2, and E1 sequences (synthesized by
MWG Biotech) were diluted in 2.5 mM HEPES, pH 7.9, 15
mM KCl, 1% glycerol, and 0.5 mM DTT, and annealed as
described in ref39. For competition experiments, 0.5 nM
labeled A1 was incubated with 5 nM of the Pdx1 HD and
increasing concentrations (1 nM to 500 nM) of competitor
DNA for 30 min on ice in EMSA binding buffer (10 mM
HEPES buffer pH 7.1, 75 mM KCl, 2.5 mM MgCl2, 2.5
mM DTT, 0.1 mM EDTA, 10% glycerol, 0.5% Tween-20).
Samples were run on a 6% native polyacrylamide gel using
a Tris-glycine-EDTA buffer and analyzed with the Odyssey
Infrared Imaging System (LI-COR Biosciences).

The apparent dissociation constants of the competitor DNA
(KC) were calculated from the fraction of labeled DNA
shifted in the presence of the competitor. The formula was
derived from the following scheme:

Because the competitor DNA concentrations were much
greater than the concentration of Pdx1, the equation was
derived with C constant considering A as a competitor: PC/
Ptot ) C/[KC(1 + A/KA) + C], with KA the dissociation
constant for A, andPtot the total concentration of Pdx1. An
expression forP was derived usingKC ) (P)(C)/PC. An
expression for PA was then derived usingKA ) (A)(P)/PA:

whereAtot is the total amount of labeled DNA.
The fraction of Pdx1 bound to A1 was fit to the data in

Microsoft Excel (2002) minimizing the root-mean-square
difference using the Solver routine. FirstKA was derived with
A as a competitor and settingKA ) KC. This value was used
subsequently to deriveKC for the albumin, GLUT2, and E1
competitors. The equation was fit to 3-4 independent
experiments, and the average and standard deviations were
calculated.

RESULTS

OVerView of the Structure.The 61 amino acids of the Pdx1
HD (Figure 1a) were crystallized bound to a 15-bp DNA
fragment including a single base overhang at the 5′ ends
(sequence in Figure 1b). The core sequence (5′-CTCTAAT-
GAG-3′) is identical to the Pdx1 binding site in the mouse
glucokinase promoter, and matches the consensus binding
site (39). The final model of the Pdx1/DNA complex was
built into a 2.4 Å 2FoFc map, containing two complexes in

PA ) (1/2)[(KA + Atot + Ptot + KAC/KC) -

[(KA + Atot + Ptot + KAC/KC)2 - 4PtotAtot]
1/2]
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the asymmetric unit (Table 1). The two complexes were
refined separately. One complex will be referred to as model
A consisting of Pdx1, segid A, bound to DNA, segids C
and D; the other complex will be referred to as model B
consisting of Pdx1, segid B, bound to DNA, segids E and
F.

The entire DNA duplex is ordered in both models.
However the root-mean-square deviation (rmsd) between the
two models is large (1.2 Å between the sugar C1′ atoms).
The protein backbone traces of model A and model B are
identical, with an rmsd of 0.4 Å (residues 10-55). Different
residues are disordered in the two Pdx1 models. Amino acids
1 to 3 are disordered in model A, while electron-density is
visible for the complete sequence of the N-terminal arm of
model B except for the side chain of Asn 1 (see 2Fo-Fc
density map in Figure 5a). At the C-termini, the side chains
of the last two residues are disordered in model A, and the
last four residues are disordered in model B. The remaining
amino acids are visible, except for side chains of Arg 10
and Arg 43 in model A and Glu 42 in model B. The final
structure contains 23 water molecules: 13 associated with
model A (numbered S1-13), and 10 associated with model
B (numbered S21-30).

The overall conformation of Pdx1 is similar to that of other
HD structures (Figure 1c). The protein folds into three
R-helices, with helices 1 and 2 antiparallel to each other and
perpendicular to helix 3, and a flexible N-terminal arm. Helix
3, also termed the recognition helix, binds in the major
groove of the DNA, while the N-terminal arm contacts the
DNA bases through the minor groove. Although the overall
structure is similar in the two complexes, there are differences
in the conformation of the DNA, the orientation of Pdx1
relative to the DNA, and the conformation of protein side
chains. As a consequence, the Pdx1 monomers from the two
complexes form many similar DNA contacts (Figure 4a),
but also distinct ones (Figure 4b).

Crystal Packing and DNA Distortion.The large rmsd
measured between the DNA from the two models can be
attributed to a different DNA curvature. In model A the DNA

is bent around helix 3 of the HD by about 16° (Figure 3a);
in model B the curvature is similar to that of model A near
the TAAT core, but the DNA axis curves sharply from bases
6-11 so that the overall curvature is 34°. The increased
curvature of the DNA in model B could not be explained
by contacts with Pdx1, since the DNA curves away from
the protein. In fact helix 3 of Pdx1 makes more contacts
with the less bent DNA in model A, to the DNA phosphate
backbone of bases Cyt 5*, Cyt 7*, and Ade 8*.

Instead the increased DNA bending in model B is a
consequence of crystal packing. In the crystal the DNA forms
pseudo-continuous helices, base-pairing through the single
base overhangs at both ends (Figure 2a). Adjacent DNA units
are related by a crystallographic 2-fold axis, curving in the
opposite direction to generate the repeating unit of the crystal.
The two HDs in the asymmetric unit are related by a rotation
of 154° and interact through an extensive nonsymmetric
interface (Figure 2a and b). Therefore the distortion in the
DNA bound to Pdx1 model B results from satisfying two
packing interfaces: between Pdx1 monomers which orients
the bound DNA at less than 180°, and the DNA base-pairing
which requires the two DNA double helices in model A and
model B to traverse the same overall axial rise. As a
comparison crystal packing in the structure of the Antp HD
(34) is more typical, with the proteins interacting through
identical surfaces (burying 910 Å2) related by a 180° rotation
and no DNA distortion.

Although the two Pdx1 monomers interact through a
relatively large surface area, there is no evidence from gel
shift assays that a Pdx1 dimer exists in solution. Instead,
the hydrophobic surface may be involved in interactions with
other proteins, such as E47/NeuroD1 (27).

The Recognition Helix and the Major GrooVe.Helix 3 of
Pdx1 forms specific interactions in the major groove with
the bases of Ade 2, Ade 3, and Thy 4 of the TAAT core,
and the bases of Cyt 5*, Thy 6*, and Cyt 7* (Figure 4a).
Recognition of the TAAT core in the two complexes is
through van der Waals contacts made by Ile 47 with Ade 3
and Thy 4, and through two hydrogen bonds by Asn 51 with
Ade 3. Asn 51 also forms a hydrogen bond with Ade 2. Bases
Cyt 5*, Thy 6*, and Cyt 7* are recognized through van der
Waals contacts with Gln 50 and Met 54. Gln 50 is conserved
among all Hox-like HDs (40), and Asn 51 is conserved
among all homeodomains.

Although the rmsd between the two Pdx1 HDs is very
low, the proteins are oriented slightly differently relative to
the DNA, differing by a 2.4° rigid body rotation (Figure 3b).
This is a small rotation, but it is sufficient to cause a
displacement of the backbone atoms between 0.4 and 0.7 Å
altering the strength of hydrogen bonds and influencing DNA
contacts (Figure 4b). The model A-specific contacts include
7 additional hydrogen bonds mostly located at the C-terminal
end of helix 3, while the model B-specific contacts are
primarily focused around Arg 43, Asn 51 and water S29
toward the N-terminus of helix 3, and by the N-terminal arm
(Figure 4b). The Pdx1-specific residue, His 44, is signifi-
cantly more buried in model B, contributing to van der Waals
interactions with the DNA. Superimposing the TAAT core
sequences of model A and B demonstrated that the curvature
of the DNA in model B prevented formation of model
A-specific contacts, including the contacts by Arg 31, Gln
50, Lys 57, and waters S5 and S12.

Table 1: Data and Refinement Statistics

Data Statistics
wavelength (Å) 1.0
space group P212121

unit cell a ) 58.28 Å
b ) 61.92 Å
c ) 96.44 Å

resolution 2.42 Å
highest bin 2.57-2.42
reflections 93557 (13762)a

completeness (%) 99.6 (97.6)a

Rmerge(%) 7.9 (35.1)a

I/σI (2.1)a

redundancy 5.3

Refinement Statistics
Rfactor (%) 22.7
Rfree (%) 27.8
no. of protein atoms 1008
no. of solvent atoms 23
rmsd from ideal values

bond length (Å) 0.011
bond angle (deg) 1.33

averageB factor, all atoms (Å2) 61.04
a Numbers in parentheses refer to the highest resolution bin.
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The N-Terminal Arm and the Minor GrooVe. The N-
terminal arm (residues 1-9) of HD proteins primarily
contacts the core TAAT bases of the DNA through the minor
groove and contributes to binding specificity (41). In Pdx1,
the N-terminal sequence contains three basic residues, Lys
2, Arg 3, and the strictly conserved Arg 5. Arg 5 forms
hydrogen bonds with the bases of Thy 1 and Gua -1*, and
van der Waals contact with Ade 2 in both Pdx1 complexes.
Residues 1-3 are only ordered in model B. Arg 3 does not
contact the DNA bases, but positions the N-terminal arm by
reaching into the major groove to interact with the Nε

nitrogen of Arg 43 on helix 3 (Figure 5b). In turn, the
guanidinium nitrogens of Arg 43 form hydrogen bonds with
both backbone phosphate oxygens of Ade 3 in the major
groove. Arg 43 also forms a hydrogen bond with His 44. In

model A neither Arg 43 nor Arg 3 is ordered, and there is
a different rotamer for His 44. Lys 2 protrudes into the minor
groove to make contact with the base of Thy 2* and forms
a weak hydrogen bond (3.5 Å) with Ade 3. We propose that
the orientation of the HD in the major groove correlates with
ordering of the N-terminal arm and contacts by Arg 43 and
Lys 2 with the DNA.

Since the Antp sequence also contains Lys 2, Arg 3, and
Arg 43, we compared our structure with the Antp-HD/DNA
crystal structure (34). In the Antp structure, the side chain
of Arg 43 is ordered but it interacts with the phosphate
backbone of Thy 4 instead of Ade 3 as in model B of Pdx1
(Figure 5c). The first four residues of the N-terminal arm
are disordered in Antp. Overlapping the TAAT sequence of
the two structures indicates that the HD orientation relative

FIGURE 2: (a) Packing forces in the crystal result in increased DNA bending in model B. The figure is oriented looking directly into the
crystallographica-axis. The DNA duplexes stack end to end to form pseudo-continuous helices with the average helical axes oriented along
the crystallographicc-axis. The increased curvature of the DNA associated with model B is apparent in the figure. The two Pdx1-HDs in
the asymmetric unit (contained in the square) pack at a 154° angle. The DNA backbone is in yellow; protein and DNA bases from model
A are orange and green respectively; protein and DNA bases from model B are blue and orange respectively (cross-eyed stereo). (b)
Protein-protein interactions between models A and B are through a large asymmetric surface. The Pdx1 interface buries a total surface area
of 1110 Å2, representing roughly 10% of the 9500 Å2 combined surface of both Pdx1 HDs, and more than half the 1900 Å2 buried by the
protein/DNA interface of model B. Left: The interface from Pdx1 of model B consists of residues from the C-terminal half of helix 3 and
solvent exposed residues from helix 1 (Connolly surface in dark blue). Right: The interface from Pdx1 of model A consists of the same
residues from helix 3 with residues from the loop between helix1 and 2 (Connolly surface in red). Model A in orange, model B in blue.
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to the DNA is intermediate between the two Pdx1 models
and that the Arg 43 side chain is not in a conformation that
would allow hydrogen bonding with Arg 3 (Figure 5c). In
the NMR structure of the Antp/DNA complex, NOEs were
reported between Arg 3 and Arg 43 (42). It appears that the
conformation of the DNA in the crystal structure of Antp
altered the DNA contact by Arg 43, disrupting the Arg 3/Arg
43 interaction. This may explain why the N-terminal arm is
disordered in the Antp crystal structure but ordered in model
B of Pdx1.

Binding Specificity.In order to determine if the HD of
Pdx1 is sufficient to reproduce the DNA binding specificity
of full-length Pdx1, we performed EMSAs using three
sequences containing a TAAT core sequence and different
flanking regions. We measured the relative affinity of the

Pdx1 HD for the sequences. The resulting Kds for the HD
were as follows: A1, 1.2( 0.6 nM; Glut2, 3.6( 1.0 nM;
and albumin, 7.6( 2.1 nM (Figure 6). The dissociation
constant of a nonspecific sequence, E1, was measured as
19.3( 7.8 nM. The values obtained for the HD Pdx1 follow
the same pattern as found in a previous study for full-length
Pdx1 bound to the same DNA sequences (A1, 5.9( 0.9
nM; Glut2, 24.7( 4.2 nM; Albumin, 24.6( 1.8 nM; E1,
142 nM) indicating that the DNA binding specificity of Pdx1
is primarily determined by the HD (39).

DISCUSSION

The ParaHox protein Pdx1 fulfills multiple functional roles
in the developing pancreas, mature pancreaticâ- andδ-cells,
and neural cells (1, 4-6). In different cells Pdx1 competes

FIGURE 3: (a) Comparison of the DNA curvature in model A and B. The CR atoms of the HDs of Pdx1 from model A (orange) and B
(blue) were superimposed (residues 10-55). The curvature of the DNA in model B (blue, 34°) was significantly greater than the curvature
of the DNA in model A (orange, 16°). The axis was derived using Curves (38). (b) Comparison of the orientation of Pdx1 in model A and
model B relative to the DNA. To compare the orientations of the two HDs, model A was first superimposed onto model B using backbone
atoms of Pdx1 (residues 10-55, rmsd 0.4 Å). From this orientation, we identified the transformation that superimposed the DNA of model
A onto the DNA of model B using ribose C1′ atoms of the TAAT core residues (rmsd) 0.21 Å) (36). The proteins in the two models are
oriented 2.4° apart relative to the DNA. Model A in orange, model B in blue (cross-eyed stereo).

FIGURE 4: Diagrams showing the invariant (a) and variant (b) contacts between DNA and Pdx1. Direct Pdx1/DNA interactions as well as
indirect protein/DNA interactions mediated through water molecules are represented. Sugars are represented as pentagons and phosphates
as black circles; hydrogen bonds as solid lines and van der Waals contacts as dashed lines. Black arrows represent contacts by protein side
chains; red arrows represent contacts by the protein backbone. Amino acid side chains contacting phosphates or sugars of the DNA are
shown in normal text; amino acids contacting DNA bases are in bold; amino acids contacting DNA through a water molecule are in boxes.
The DNA bases in contact with protein are marked with boxes around the base name. Sugars in contact with protein are shaded gray. (b)
Residues participating in contacts specific to model A are in orange text and those specific to model B are in blue text.

Pdx1 Homeodomain Structure Biochemistry, Vol. 46, No. 11, 20072953



with a diverse set of homeodomains as well as the ParaHox
factors Cdx and Gsx (10, 12, 13). To enhance its binding
specificity and selectivity Pdx1, like other HD factors (43),
associates with cofactors, including Pbx1 and Prep1, Pbx1
and Mrg1, and E47/NeuroD1 (18, 20, 26). The presence of
two conformations of the Pdx1 HD reported in the current
paper suggests that induced conformational changes in the
HD may modulate DNA binding specificity in response to
DNA bending.

Induced Fit Model for Pdx1 Binding to DNA.In an induced
fit model local folding is coupled to site-specific DNA
binding. Induced folding is a property of many transcription
factors, and has been proposed as a mechanism for increasing
DNA binding specificity (44-46). DNA-induced conforma-
tional changes in the N- and C-termini and side chains of
HDs have been discussed when comparing the unbound and
bound structures of the engrailed and Antp HDs (42, 47).
NMR studies showed that N-terminal residues 1-6 are
disordered in solution, and become ordered upon DNA
binding (48, 49). The structure of a nonspecific DNA
complex of the MatR2-HD indicates that the DNA sequence
can influence the orientation of the HD with respect to the
DNA (50). Finally, structures of POU proteins demonstrate
that cooperative DNA binding can result from conformational
changes in the DNA with no direct protein-protein contacts
(51).

A comparison of the two Pdx1 HD complexes in the
current structure indicates that the orientation of the HD
relative to the DNA can vary. The HD of Pdx1 in model A

FIGURE 5: The N-terminal arm. (a) 2Fo-Fc electron density
contoured at 1σ is shown for residues 1 to 9 of the N-terminal
arm of Pdx1 in model B. Density is visible for all side chains except
for Asn 1. (b) Network of interactions between Lys 2, Thy 2*,
Arg 3, Arg 43 and Ade 3 that order the N-terminal arm in model
B. Lys 2 interacts with Thy 2* and Ade 3 in the minor groove,
Arg 43 with Ade 3 in the major groove; Arg 3 connects the
N-terminal arm with helix 3 through an interaction with Arg 43.
Hydrogen bonds are shown as black dashed lines. A Connolly
surface of the DNA is colored as in Figure 1: orange for bases,
yellow for backbone. (c) Arg 3 and the N-terminal arm are
disordered in the Antp crystal structure (pdb id: 9ANT) (34). The
Antp-HD/DNA structure (in green) was aligned with the Pdx1-
HD/DNA structure (model B, in blue) by using the C1′ atoms of
the TAAT DNA base pairs (rmsd 0.36 Å). Arg 43 from helix 3
interacts with Thy 4 in Antp, instead of Ade 3 as in Pdx1. In the
Antp crystal structure the orientation of the homeodomain in the
major groove prevents the interaction between Arg 43 and Arg 3,
similar to model A of Pdx1.

FIGURE 6: DNA binding selectivity by the Pdx1 HD is the same
as for the full-length protein. The dissociation constants for the
Pdx1 HD were measured for the three TAAT-containing sequences
shown: the high affinity A1 site from the rat insulin I promoter,
mouse albumin (Alb) A-box, and mouse GLUT2 (GLUT) A-box.
The fourth sequence, E1, derived from the E1 element of the rat
insulin I promoter, does not contain a TAAT sequence and binds
nonspecifically to Pdx1. The binding affinities for the full-length
protein were measured by Liberzon et al. (39). The curves show
the fit to the data from the equation for the fraction of labeled A1
DNA bound in the presence of competitor DNA. Dissociation
constants were measured by competitions with the labeled A1
sequence by EMSAs (mean( standard deviation,n ) 3 or 4).
The competitor concentrations of 0 nM, 50 nM, and 100 nM were
used to fit the equation to ensure that the competitor concentration
remained constant (since Pdx1) 5 nM).
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is rotated by 2.4° with respect to the DNA relative to the
HD in model B. Both the Pdx1/DNA complexes are specific
since the side chains contact the bases of the TAAT core
sequence (50). While many of the protein-DNA contacts
are invariant between the two Pdx1 HD complexes, each
complex also forms distinct DNA interactions. Binding
specificity may vary because of differences in base con-
tacts: by Lys 2 of the N-terminal arm in model B, by an
additional hydrogen bond by Asn 51, and by differences in
water-mediated contacts by Gln 50 (see Figure 4). In
addition, hydrogen bonding by Pdx1 to the DNA backbone
differs between model A and model B, suggesting that the
overall orientation of the HD can affect the DNA binding
affinity as well. The orientation of the HD may be an
important parameter in determining DNA binding specificity
for other homeodomains. Comparing the HoxA9/Pbx1
structure with the HoxB1/Pbx1 structure indicated a rotation
of helix 3 of the Hox HD relative to the DNA, which we
calculated to be 3° (52). This rotation may contribute to the
higher affinity for DNA of HoxA9 than HoxB1 (53).

The N-Terminal Arm.The N-terminal arm is an important
determinant of DNA binding specificity (41), as demon-
strated by chimeras generated between HoxD4 and HoxA1
(54), between Antp and Sex comb reduced (Scr) (55, 56),
and between Ubx and Dfd (57-59). Among Hox proteins
residues of the N-terminal arm are more variable than those
of helix 3, another indication of the importance of the arm
in determining specificity (9, 60). In contrast, the identity of
the first 3 residues has been shown not to contribute to DNA
binding specificity for some Hox/Pbx complexes (61, 62).

The first 3-4 N-terminal residues are often disordered in
crystal structures of HD/DNA complexes. In the Pdx1
structure, these residues are ordered in model B but not in
model A. The rotation of the Pdx1 HD induces ordering of
residues 1-4 of the N-terminus in model B, through
cooperative ordering of a network of interacting side chains
involving Arg 3 in the minor groove and Arg 43 and His 44
in the major groove (Figure 5b). The Thy 2*/Ade 3 - Lys 2
- Arg 3 - Arg 43 - His 44 - Ade 3 network of interactions
depends on the orientation of helix 3 in the major groove.
This ordering is not possible in model A where the
recognition helix is shifted away from Ade 3 by 0.7 Å and
Arg 43 is disordered. This suggests that the overall confor-
mation of the DNA that determines the orientation of the
Pdx1 HD in the major groove can facilitate ordering of the
N-terminal arm. The induced order among networks of
interacting side chains may contribute to cooperative rec-
ognition of DNA.

We propose that the two Pdx1 complexes represent two
binding modes of Pdx1 that are relevant for different
promoters: one that depends on the identity of residues 1-3
and one that does not. This agrees with an induced fit model
in which the binding conformation of the HD varies in
response to the conformation of the DNA, which in turn may
vary in response to binding of other transcription factors (63).
The order of the N-terminal arm in HD structures may not
be the result of local interactions, but a more global response
to the DNA conformation or to the DNA sequence.

DNA Binding Specificity and Comparison with Other HD
Structures. DNA binding specificity of HD proteinsin Vitro
is largely determined by the HD itself (41). We demonstrate
that the HD of Pdx1 is sufficient to discriminate sequences

outside of the TAAT core sequence, like the full-length
protein (see Figure 6) (39).

The Pdx1 structure is the first HD structure reported with
a lysine at position 2 instead of an arginine. Lys 2 is also
found in the ParaHox factor Gsh1, and the Hox factors
HoxA3-HoxA5, and HoxA7 (see alignment in Figure 1a).
Arg 2 can form direct and water-mediated hydrogen bonds
with core bases at positions 2, 3, and 4 (52, 64, 65). The
indirect water-mediated contacts by Arg 2 have been pro-
posed to increase the flexibility for binding site recognition
of core residues at sites 2 and 4, to TNA(T/C) (52, 66, 67).
Lys 2 makes fewer contacts with the TAAT core than does
Arg 2: a direct hydrogen bond to the base of Thy 2*, and a
van der Waals contact with Ade 3 (Figure 4b). The direct con-
tact by Lys 2 explains the preference by Pdx1 for Ade 2.

Arg 5 and Asn 51 form hydrogen bonds with Thy 1 and
with Ade 2 (in model B) and Ade 3 respectively. The Pdx1
HD does not contact base 4 through the minor groove, only
via a van der Waals contact by Ile 47 through the major
groove. This suggests that Pdx1 can accommodate variation
in the core sequence at position 4.

In our structure the Pdx1 HD contacts bases outside the
TAAT core sequence: one base 5′ (position-1) and three
bases 3′ (position 5-7). The conserved Arg 5 residue forms
a direct hydrogen bond with Gua-1*. Similar to HoxB1
and HoxA9, there are no direct hydrogen bonds to bases 5-7
(52, 68). Instead two indirect water-mediated contacts are
observed (by water S12 or S29), and van der Waals contacts
by Met 54 and Gln 50 (Figure 4a). Hydrogen bonds are
formed to each of the phosphate backbones of Cyt 5*, Thy
6*, Cyt 7*, and Ade 8*. These contacts likely contribute to
DNA binding affinity. As has been pointed out previously,
the number of interactions with the phosphate backbone may
explain the high affinity of HDs for nonspecific DNA
sequences (50, 52, 68).

CONCLUSIONS

Pdx1 fulfills multiple functional roles in different cellular
contexts. Sequence-specific binding is coupled to confor-
mational changes in both protein and DNA. The conforma-
tion of the DNA and therefore the DNA accessibility to the
HD may vary with different Pdx1 binding partners. Since it
is difficult to rationalize DNA binding specificity by the HD
from direct side chain contacts alone, we propose an induced
fit mechanism in which the binding configuration of the HD
depends on the overall DNA conformation. From our analysis
of the Pdx1 structure, the orientation of the HD within the
major groove can vary by several degrees and influence DNA
contacts through cooperative ordering of side chain networks,
ordering of the N-terminal arm, and water-mediated contacts.

Structural studies of Pdx1 with alternative DNA sequences,
and of Pdx1 in complex with protein partners, will be
required to test this proposal.
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