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HNF4� (hepatocyte nuclear factor 4�) plays an essential role
in the development and function of vertebrate organs, including
hepatocytes and pancreatic �-cells by regulating expression of
multiple genes involved in organ development, nutrient trans-
port, and diverse metabolic pathways. As such, HNF4� is a cul-
prit gene product for a monogenic and dominantly inherited
form of diabetes, known asmaturity onset diabetes of the young
(MODY). As a unique member of the nuclear receptor super-
family, HNF4� recognizes target genes containing two hex-
anucleotide direct repeat DNA-response elements separated by
one base pair (DR1) by exclusively forming a cooperative
homodimer. We describe here the 2.0 Å crystal structure of
human HNF4� DNA binding domain in complex with a high
affinity promoter element of another MODY gene, HNF1�,
which reveals the molecular basis of unique target gene selec-
tion/recognition, DNA binding cooperativity, and dysfunction
caused by diabetes-causing mutations. The predicted effects of
MODY mutations have been tested by a set of biochemical and
functional studies, which show that, in contrast to otherMODY
gene products, the subtle disruption of HNF4� molecular func-
tion can cause significant effects in afflicted MODY patients.

HNF4� is a novel member (NR2A1) of the nuclear receptor
(NR)2 family (1) and plays a crucial role in the development and

function of vital organs. For example, HNF4� is essential for
development of the liver (2), colon (3), and pancreas (4), and
deletion of the HNF4� gene from the mouse genome results in
embryonic lethality due to the failure to undergo normal gas-
trulation (5, 6). Conditional targeted gene disruption ofHFN4�
results in marked metabolic disregulation and increased mor-
tality (7–9). In addition, HNF4� is known to activate a wide
variety of genes involved in glucose, fatty acid, cholesterol, and
amino acid metabolism in the liver, kidney, intestine, and pan-
creas (10–12), including counterpart transcription factors,
such as HNF1� (13), HNF6 (14), and pregnane X receptor (15),
that in turn control additional liver and �-cell-specific target
genes. Further underscoring the importance of HNF4� in pan-
creatic �-cells, mutations on HNF4� in humans are directly
linked to the onset of MODY1 (maturity onset diabetes of the
young 1) (Fig. 1A), one of the most commonmonogenic causes
of diabetes, mainly characterized by impairment of glucose-
stimulated insulin secretion from the �-cells (16). A direct link
between HNF4� and glucose-stimulated insulin secretion by
pancreatic �-cells has been proven by cellular studies (17, 18)
and pancreatic �-cell-specific HNF4� knock-out mice (17).
A recent genome-wide expression profiling study revealed

that both HNF1� and HNF4� are the master regulators of the
�-cells directly affecting their physiology (19, 20). HNF4� is
functionally very closely related to HNF1�, since they cross-
regulate each other and form a common network of transcrip-
tion factors that controls the development and function of hep-
atocyte and pancreatic islets (21, 22). As a result, the diabetic
phenotype in MODY1 due to HNF4� mutations is virtually
indistinguishable from that due to HNF1� mutations (23).
There is even an additionalMODYmutationwithin theHNF4�
recognition site of humanHNF1� promoter (13), underscoring
the interplay between HNF1� and HNF4�.
HNF4� belongs to the NR superfamily, and a typical NR

comprises the all-cysteine zinc finger DNA binding domain
(DBD), lipophilic ligand binding domain (LBD), and additional
domains with activation function (24) (Fig. 1A). HNF4� dis-
plays a novel mode of ligand-dependent (or -independent)
transactivation (11) and still remains as an orphanNR although
recent crystal structures of HNF4� LBD alone (25) and in com-
plex with the co-activator SRC-1 peptide (26) revealed fatty
acids as structural ligands forHNF4�. These findings have been
contested by the earlier findings (27) and the subsequent recent
studies (28–31) that suggest that the true physiological ligands
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for HNF4� are fatty acyl-CoAs and that binding of these
exchangeable ligands requires a longer construct that contains,
in addition to the LBD, the regulatory F-domain toward the
C-terminal end (Fig. 1A). These discrepancies await further
investigations.
The DBD is the most highly conserved domain shared by

NRs and consists of two all-cysteine zinc finger motifs. The
crystal structures of several NR-DBDs revealed that the protein
structures formed by zinc fingers facilitate sequence specific
interactions with the major groove of the DNA double helix
containing its response elements (32). These response ele-
ments contain hexameric sequences that can be arranged in
various configurations (direct or inverted orientation).
Orphan NRs can bind either one hexanucleotide (half-site or
subrecognition site) or two direct hexanucleotides spaced by
1–5 nucleotides in between (DR1–DR5) with high selectivity
(1). HNF4� predominantly recognizes target genes, including
HNF1�, that contain the DR1 recognition sites although it can
also bind a nonnatural DR2 with a much weaker affinity (33).
The NR-DBD also contains the C-terminal extension that

facilitates dimerization through the T-box element and, in
some cases, additional half-site recognition by the C-terminal
A-helix (Fig. 1B). When the dimeric recognition occurs, the
target DNA leads to the formation of a highly specific dimer
interface, which places the DBDs in register with the half-sites
of their respective response elements. Many of the nonsteroid
hormone NRs form heterodimers with retinoid x receptor
(RXR). However, HNF4� represents a nonsteroid receptor that
exclusively functions as a homodimer despite its similar DNA
binding specificity and amino acid sequence homologous to
that of RXR (33). Although the major determinant for dimer-
ization stability and selectivity appears to reside within the
LDB, which spontaneously forms a dimer in solution (25), there
is an additional dimerization determinant within the DBD that
allows the formation of a dimer only in the presence of DNA
and provides the cooperativity and additional selectivity when
it binds DNA (33, 34).
To understand the molecular principles underlying the rec-

ognition of a naturally occurringDR1 targetDNAsequence and
the molecular basis of MODY mutations, we have solved the
crystal structure of the homodimeric human HNF4�-DBDs in
complex with a high affinity DNA containing the HNF1�
(MODY3 gene) promoter sequence composed of a tandem
direct repeat of half-sites separated by one base pair (DR1) and
harboring an additionalMODYsingle nucleotidemutation site.
This structure, refined at 2.0Å, shows the critical features of the
protein/DNA and protein/protein interactions. The predicted
effects of the MODY mutations were further tested by a set of
biochemical and functional studies, and the regulatory post-
translational modification sites are discussed.

EXPERIMENTAL PROCEDURES

Construction of Overexpression Vectors for Wild Type and
Mutants and Protein Purification—Two different versions of
the recombinant proteins were used in our studies: tag-free
wild type for crystallization and maltose-binding protein
(MBP) fusion proteins for biochemical characterizations of
wild type andMODYmutants due to low yields or low solubility

of some of the tag-free mutant proteins. However, the same
vector constructs were used, either performing or skipping a
tobacco etch virus (TEV) protease digestion to remove or retain
the MBP tag. The cDNA harboring the full-length human
HNF-4�B splice variant (35) was a kind gift from Dr. Steve
Shoelson from Joslin Diabetes Center. A modified MBP fusion
expression vector, pET41a MBP, was used for our studies. In
this modified vector, the MBP fragment of pMAL-c2X (New
EnglandBiolabs) was amplified by PCR and cloned into pET41a
vector (GE Healthcare) by inserting the fragment between the
NdeI and HindIII sites to replace the GST tag, and a thrombin
cleavage site was replaced by a TEV protease cleavage site for
higher specificity. A fragment of human HNF4� cDNA (amino
acids 46–126) was subcloned by standard PCR into pET41a
MBP vector to produce the proteins fused with MBP at the
N-terminal end with the TEV cleavage site.
For tag-free protein purification, HNF4�-DBD was overex-

pressed in Escherichia coli BL21-Gold (Novagen) with induc-
tion of 0.5 mM isopropyl 1-thio-�-D-galactopyranoside at an
A600 of 0.8–1.0 at 37 °C and harvested after culturing for an
additional 4–6 h. The cells were lysed by sonication, and the
expressedMBP-fusion proteins were isolated in the presence of
0.6 M NaCl to prevent nonspecific binding to bacterial DNA.
HNF4�-DBD was released by TEV digestion from amylose
magnetic beads (New England Biolabs) after overnight incuba-
tion at 4 °C and further purified by ion exchange chromatogra-
phy (Mono-S FPLC). The purified protein was estimated to be
at least 98% pure as judged by staining with Coomassie Brilliant
Blue on an 8–25% gradient SDS-polyacrylamide gel (36). Frac-
tions were pooled; concentrations were measured by UV
absorption and stored at �80 °C as a 10% (v/v) glycerol stock.
For MBP fusion protein purification for in vitro biochemical

studies with wild type and MODY mutants, the TEV digestion
step was skipped due to insolubility of the cleavage products
(e.g. the G115S mutant heavily precipitated after digestion).
Instead, the MBP fusion proteins were directly eluted from the
beads with 10 mM maltose in 50 mM Tris-Cl, pH 8.0, and sub-
sequently purified by ion exchange chromatography (Mono-S
FPLC). Fractions were pooled and stored at �80 °C as a 10%
(v/v) glycerol stock.
Site-directed Mutagenesis Analysis—QuikChange multi-

site-directed mutagenesis kit (Stratagene) was used to gen-
erate constructs with each point mutation of HNF4�-DBD
according to the manufacturer’s instructions. The plasmid
templates used in the mutation were pET41a MBP-HNF4�
DBD (amino acids 46–126) and pcDNA3 HNF4�. All of the
generated constructs with the mutated sequences were ver-
ified with DNA sequencing.
Preparation of DNA Oligonucleotides—Tritylated oligonu-

cleotides were purchased from the Midland Certified Reagent
Company (Midland, TX) and further purified by reverse phase
HPLC. Excess mobile phase-containing acetonitrile was
removed using HiTrapQ (GEHealthcare), and the trityl groups
were removed with 80% acetic acid. The deprotected oligonu-
cleotideswere precipitatedwith 75%ethanol, dissolved inwater
for concentrationmeasurement, and lyophilized before storage
at �80 °C. When needed, double-stranded DNAs were gener-
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ated by heating equimolar amounts of complementary oligonu-
cleotides to 95 °C for 10 min and slowly cooling to 4 °C.
Crystallization and Data Collection—Crystallization of the

complex has been reported previously (36). Briefly, protein-
DNA complexes were made by dialyzing them with a molar
ratio of 2 HNF4� and 1.2 double-stranded DNA in 20 mM Tris,
pH 7.5, 75 mM NaCl, and 1 mM dithiothreitol at 4 °C for 2.5 h
and concentrated to at least 10 mg ml�1. The crystals were
grown at 22 °C using the hanging drop vapor diffusion method
with an overhang 21-mer duplex DNA. The optimized crystals
were grown with the well solution containing 26% (v/v) poly-
ethylene glycol 4000, 80 mM magnesium acetate, and 50 mM
sodium citrate, pH 4.8, and transferred into the mother liquor
containing an additional 15% (v/v) glycerol as cryoprotectant
before being directly plunged into liquid nitrogen and stored
for data collection. The native data were collected at 100 K at
APS (SER-CAT 22BM) using a MAR-225 CCD detector and
processed using HKL2000 (37).
Structure Determination and Refinement—The crystals

belong to the space group C2 with unit cell dimensions a �
121.628 Å, b � 35.425 Å, c � 70.985 Å, and � � 119.364° and
diffraction to 2.0 Å resolution. There is one complex in the
asymmetric unit (41.5% solvent content). The structure was
solved by the molecular replacement method by the use of
MOLREP (38). As a search model, we used the previous struc-
ture of RXR�RAR�DNA complex (Protein Data Bank accession
code 1DSZ) (39). The best solution had a correlation coefficient
of 38.5%, 11.4% above the second best solution. The Rcryst value
aftermolecular replacementwas 0.514. After one round of rigid
body refinement, Rcryst and Rfree dropped to 0.502 and 0.498,
respectively. Protein residues were mutated in order to match
the sequence of HNF4�, and the model was refined by simu-
lated annealing with CNS (40), initially with tight restraints for
tetrahedral zinc coordination and Watson-Crick base pairing
and global restraints placed on bond lengths, bond angles, non-
bonded contacts, and temperature factors of neighboring
atoms. The �A-weighted 2Fo � Fc maps as well as omit maps
were calculated at regular intervals to allowmanual rebuilding.
Tight restraints on the zinc-sulfur coordination and base pair-
ing were released, and solvent water molecules based on higher
than 3� peaks in Fo � Fc �A-weighted maps were added con-
servatively at appropriate sites. Inclusion of individual atomic
temperature factors during the final stages of refinement was
accompanied by a substantial decrease in Rfree values (Table 1).
Iterative building and refinement were performed using the
program O (41) and CNS (40).
HNF4�/DNABindingTitration throughElectromobility Shift

Assay (EMSA)—Single-stranded oligonucleotides 1 and 2 (Fig.
2B) were dissolved in 10 mM Tris (pH 7.5 at 20 °C) and 1 mM
EDTA. Oligonucleotide 1 was 5�-end-labeled with 32P as
described (42). Labeled oligonucleotide 1 wasmixed with a 1.1-
fold molar excess of oligonucleotide 2, and the samples were
heated to 90 °C and cooled slowly to 20 °C. DNA was trans-
ferred by dialysis into binding buffer (10mMTris (pH8.0), 1mM
EDTA, 100 mM NaCl, 1 mM MgCl2, 1 mM dithiothreitol, 4%
(v/v) glycerol). DNA concentrations were measured by absorb-
ance, using a molar extinction coefficient (�2601 cm � 2.57 � 105).
Pure recombinant wild type HNF4�-DBD-(46–126) was pre-

pared as described previously (36). Samples were stored at
�20 °C until use. EMSAs were carried out as described (43),
using 10% (w/v) polyacrylamide gels cast and run in 45 mM
Tris-borate, 2.5 mM EDTA (pH 8.3 at 20 °C). Autoradiographic
images were captured on storage phosphor screens (type GP;
GE Healthcare) detected with a Typhoon PhosphorImager.
Band intensities were determined using ImageQuant software
(GE Healthcare).
Binding affinity (K) and cooperativity (�) were evaluated

using the McGhee-von Hippel isotherm (44), as modified by
Record and co-workers (45) to account for finite lattice size
(Equations 1 and 2).

�

�P�
� K�1 � s����2� � 1��1 � s�� 	 � � R

2�� � 1��1 � s�� �n � 1


 �1 � �s 	 1�� 	 R

2�1 � s�� �2�N � s 	 1

N � (Eq. 1)

R � ��1 � �s 	 1���2 	 4���1 � s���1/ 2 (Eq. 2)

Here � is the binding density (proteinmolecules/base pair),K
is the equilibrium association constant for binding a single site,
� is the cooperativity parameter, N is the length of the DNA in
nucleotides, and s is the size of the site (in base pairs) that a
protein molecule occupies to the exclusion of others. Because
the total concentration of protein binding sites on DNA was
always much less than that of the protein, the approximation
[P] � [P]total was used.
Cell Cultures—TheHeLa cell line was cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% fetal bovine
serum (Invitrogen), 50 units/ml penicillin, and 50 �g/ml strep-
tomycin and 0.1 mM nonessential amino acids (Invitrogen).
MIN6 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 15% fetal bovine serum (Invitro-
gen), penicillin and streptomycin, and 10 �M �-mercaptoetha-
nol (Sigma), andMIN6 cells of passages 26–28were used in this
study.
Transient Transfection and Luciferase Assay—The full-

length cDNA of human HNF4� wild type or mutant was sub-
cloned into the pcDNA3(	)/Neo vector (Invitrogen), and the
reporter vector pGL3-(BA)3 containing three copies of the
HNF4� response element (�77 to�65) within the promoter of
human apolipoprotein B was constructed by subcloning this
promoter fragment from p(BA1)5CAT (kindly provided by Dr.
Margarita Hadzopoulou-Cladaras (Aristotle University of
Thessaloniki, Greece)) into the firefly luciferase reporter vector
pGL3-Basic (Promega). Similarly, the reporter vector pGL3-
HNF1�-298 containing one copy of the HNF4� response ele-
ment (�64 to �52) within the promoter of human HNF1�
(�298 to the first AGT) was constructed and used for Fig. 4B.
HeLa cells or MIN6 cells were transfected using Opti-MEM
and Lipofectamine 2000 reagent (Invitrogen) or Nucleofactor
reagent V (Amaxa), respectively, according to the manufactur-
er’s recommendations. Briefly, a total of 50 ng of pcDNA3-
HNF4� and 50 ng of pGL3-(BA)3 or pGL3-HNF1�-298 and 10
ng of pRL-TK (control Renilla luciferase vector) were used for
transfection of 1� 105 HeLa cells seeded on 24-well plate 1 day
before transfection. For MIN6 cells, a total of 500 ng of
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pcDNA3-HNF4� and 500 ng of pGL3-(BA)3 and 100 ng of
pRL-TK were used for transfection of 2 � 106 MIN6 cells. For-
ty-eight hours after transfection, cells were washed with 1�
phosphate-buffered saline and lysed with luciferase lysis buffer
supplied with the Luciferase assay kit (Promega). Luciferase
activity was measured using the dual luciferase assay system
(Promega) and a luminometer. All values were normalized in a
relative ratio of firefly luciferase activity and Renilla luciferase
activity. At least three independent transfections were per-
formed in quadruplicate.
Protein Stability Assays (Pulse-Chase Experiment)—Stability

of the mutants in cultured cells was measured by means of
pulse-chase experiments. Twenty-four hours after transfec-
tion, HeLa cells were serum-starved for 1 h before being incu-
bated in Dulbecco’s modified Eagle’s medium minus Met/Cys
for 30 min and then labeled with 100 �Ci/ml Trans35S labeling
mix (MP Biomedicals) for 30 min at 37 °C. Labeling medium
was removed thereafter, and the 35S-labeled cells were incu-
bated in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum for the indicated periods of time (0–18 h)
and lysed. The nuclear extracts were prepared using the Nuc-
Buster protein extraction kit (Novagen). Proteins were immu-
noprecipitated with anti-HNF4� antibody (Santa Cruz Bio-
technology) and Protein A-Sepharose beads (Amersham
Biosciences) and resolved by SDS-PAGE, and incorporated
radioactivity was analyzed by autoradiography using BioMax
film (Eastman Kodak Co.) or storage phosphor screens (type
GP; GE Healthcare) for quantification with a Typhoon Phos-
phorImager equipped with Image-Quanta software (GE
Healthcare).
Circular Dichroism—The secondary structure content and

the denaturation profile of HNF4�-DBD in solution were
determined using far-UV CD. CD spectra were collected on a
Jasco J-810 spectropolarimeter using a 1-mm path length
quartz cuvette with solutions containing 1–5 �M protein in 30
mM MES buffer, pH 6.0, 30 mM NaCl, 1 mM dithiothreitol, and
1% glycerol. The temperature was controlled via a Peltier block.
For the regular scan, spectra were collected at 20 °C with a 0.5
nm resolution and a scan rate of 200 nmmin�1. Reported spec-
tra were measured only once. Observed ellipticities were con-
verted to mean residue ellipticity, [�] � degrees cm2 dmol�1

(molar ellipticity). Reported molar ellipticities are estimated to
have errors of 
3%. Secondary structure analysis was per-
formed using the secondary structure estimation algorithm
CDSSTR (46), provided by the CDPro software package (47).
The quality of the fit between experimental andback-calculated
spectrum corresponding to the derived secondary structure
element fractions was assessed from the normalized root mean
square deviation, with a value of �0.1 considered as a good fit
(48).
For thermal denaturation profile acquisition, samples con-

taining 1–5�Mprotein were heated from 0 to 100 °C at a rate of
1.0 °C/min, and ellipticity was monitored at 222 nm; melting
temperatures (Tm) were taken as the midpoint of each unfold-
ing transition by fitting toGaussian curves of the first derivative
function (49).
Preparation of theNuclear Extracts and the SubsequentCom-

parative EMSA Analysis for the Wild Type and the MODY

Mutants—The HeLa cells were harvested 10 h after transfec-
tion, and nuclear extracts were prepared using the Nucbuster
protein extraction kit (Novagen) according to the manufactur-
er’s protocol. The loading amount of HNF4� wild type and
mutants were adjusted to an equal amount after quantification
by an enzyme-linked immunosorbent assay and visualization
by a Western blot.
For EMSA, synthetic 15-base pair oligonucleotides contain-

ing the HNF4� response element within the HNF1� promoter
were labeledwith an infrared dye (IRDye 700 phosphoramidite)
(LI-COR Biosciences). EMSAs were performed in a similar way
described above on a 6% native polyacrylamide gel using a Tris-
glycine-EDTA buffer and analyzed with the Odyssey infrared
imaging system (LI-COR Biosciences). Initially, a 21-mer DNA
with the 13-mer HNF4� recognition site in the middle (the
same DNA construct we used for crystallization and structure
determination) was used for EMSA with the nuclear extracts;
however, it showed one major extra band throughout the lanes
due to the binding of an additional nuclear protein (which later
turned out to be a heat shock protein, HSF-90, by mass spec-
trometry analysis) to the DNA probe. Thus, subsequently, a
15-merDNAwas used, and the binding of an additional nuclear
protein was eliminated.

RESULTS AND DISCUSSION

Overall Structure of HNF4�-DBD and Comparison with the
Related Nuclear Receptors on Various DNA Recognition
Elements—The crystals of HNF4�-(46–126), containing two
zinc finger motifs and the C-terminal extension “T-box” in
complex with DNA were prepared as previously reported (36),
and the structure was determined by conventional methods
as described under “Experimental Procedures.” Fig. 2, A and
B, shows the protein and DNA constructs used in co-crystal-
lization. HNF4� and the homologous NRs, such as RXR and
RAR, do not appear to have an “A-helix” at the C-terminal
end (Fig. 1B), which has been shown to make additional con-
tact with DNA through the minor groove (50, 51). The sec-
ondary structure predictions for HNF4�, RXR, and RAR do
not indicate the presence of an �-helix in this region,
whereas they do for TR and VDR (see Fig. S1B for superpo-
sition of their crystal structures).
In our studies, we used the HFN4� recognition DNA

sequence element from the human HNF1� promoter, another
MODYgene (MODY3). The best crystal diffracted to 2.0Åwith
the synchrotron x-ray source, the data collection and refine-
ment statistics are provided in Table 1, and the representative
electron density map is shown in Fig. S1A. In the asymmetric
unit, there was one HNF4��HNF1� promoter element com-
plex, which consists of two HNF4� monomers in a head-to-tail
orientation (Fig. 3A), each monomer with two zinc finger
motifs (Fig. 2A). The two monomers bind to a 21-bp duplex
with a 1-bp overhang at the end (Fig. 2B), which mediates an
A-TWatson-Crick base pair and stacking interactions with the
symmetry-related DNA to form a pseudocontinuous DNA
helix in the crystal. The geometry of DNA duplex is canonical
B-form DNAwith 29.2° of overall bending (Fig. 3A and Fig. S2)
when calculated with CURVES (52) and with an axis kink of 8°
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occurring at the C-G pair right after the 3�-end of the down-
stream half-site (Fig. 2B).
Superimposition of theHNF4�-DBD�DNAcomplexwith the

previously reported NR-DBD�DNA complexes shows a high
degree of structural similarity in the core zinc finger region (Fig.
S1B), including the linker between helices I and II, despite their
sequence variations in the region (Fig. 1B). The most structur-

ally divergent region of these NR-DBD�DNA complex struc-
tures is theC-terminal extension of the zinc finger regionwhere
the T-box and A-helix are located. Sequence variations are also
extremely high in this region (Fig. 1B), reflecting the necessary
elements required for specificity and plasticity in various target
recognitions in terms of orientation of two half-sites and the
number of base pairs in between. For direct repeat recognition,
dimeric interactions are made by the residues in the T-box of
the downstreammonomer and the residues in the zinc finger II
of the upstream monomer (Figs. 2A and 3A), whereas the resi-
dues in the zinc finger II from both monomers contribute
dimeric interactions for inverted repeat recognition sites (53–
55). The beginning of the T-box of the majority in NRs, includ-
ing HNF4�, forms a single-turn 310-helix, whereas the corre-
sponding segments of some other NRs adopt coiled structures.
SomeNRs, such asTR andVDR, possess the distinctiveA-helix,
which makes additional DNA contacts through the minor
groove (Fig. S1B), whereas HNF4� is believed to lack this sec-
ondary structure element.
Dimeric Protein Interactions and Cooperative DNA Binding—

The correct NR dimerization on a target DNA facilitates target
selection from a pool of genomic sequences that contain con-
sensus hexameric half-sites and is essential for programmed
recruitment of co-activators or co-repressors to the transcrip-
tion complex (56, 57). Typical orphan NRs can either het-
erodimerize with RXR or can bind as monomers at the respon-
sive elements to carry out their function (32). HNF4� and RXR
share 61% amino acid sequence identity within the DBD and
over 35% identity within the LBD (Fig. 1B). However, HNF4�
does not form a heterodimer with RXR, and it exclusively binds

FIGURE 1. Schematic diagrams of HNF4� and the sequence alignment with related NRs. A, HNF4� domain structure and MODY1 point mutations.
B, secondary structures and sequence alignment of HNF4�-DBD with the related proteins. The related human NRs were extracted from Protein Data Bank
entries whose DNA complex structures are available. Their Protein Data Bank accession codes and the starting residue numbers are shown on the left in
parenthesis, and the oligomeric state of their DNA complexes and the arrangement of two hexanucleotide half-sites are indicated on the right. Residues that are
identical or similar among the family members are shaded in blue and yellow, respectively. Hydrophobic core residues are indicated by green circles, and MODY1
point mutation residues are indicated by red stars above the sequences. Two post-translational modification sites (phosphorylation on Ser78 and methylation
on Arg91) are also indicated. EcR, ecdsyone receptor; VDR, vitamin D receptor; TR, thyroid hormone receptor; LRH1, liver receptor homologue-1; ER, estrogen
receptor; ERR2, estrogen-related receptor 2; REV-ERB, orphan nuclear receptor Rev-Erb; PR, progesterone receptor; DR1, direct repeat motif spaced by one
nucleotide; IR1, inverted repeat motif spaced by one nucleotide, etc.

TABLE 1
Data and refinement statistics

Parameter Total Outer shell
Native diffraction data
Resolution (Å) 30.3-2.0 2.07-2.00
Rmerge

a (%) 6.4 30.4
I/�(I) 20.7 3.8
Redundancy 5.6 3.6

Refinement
No. of reflections (20.0–2.0 Å)
Work 16,841
Free FLAGb 811

Modeled regions Amino acids 49–124
in molecule A

Amino acids 49–126
in molecule B

DNA 1–21 in chain C and
1–21 in chain D
4 zinc atoms

157 solvent atoms
R factor (%) 21.3
Rfree (%) 25.1
�B for all atoms (Å2) 29.37
Root mean square deviations
Bond lengths (Å) 0.005
Bond angles (degrees) 1.031

aRmerge � �h �i�I(h)i � �I(h)�/�h �i I(h)i, where I(h) is the intensity of reflection h,
�h is the sum over all reflections, and �i is the sum over i measurements of
reflection h.

b 5% of the reflection data excluded from refinement.
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its target genes as a homodimer independent of putative ligand
binding (33). Although the main binding interface for HNF4�
homodimeric assembly is provided by the LBD (25, 58, 59),
there are additional protein/protein interactions between the
two HNF4�-DBDmonomers in the presence of DNA that pro-
vides a high degree of cooperativity in DNA binding.
In the absence of DNA, the HNF4�-DBD is monomeric in

solution; however, quantitative analysis of gel mobility shift
assays returns a binding density equivalent to 2.02 
 0.2 mole-
cules of protein per DNA (Fig. 3B), consistent with the stoichi-
ometric ratio of 2:1 found previously (36). When examined by
an EMSA titration experiment, binding is significantly cooper-
ative (� � 67 
 14) despite the small dimer interface between
the proteins. This interface is formed by the T-box of the mon-
omer associated with the downstream half-site and the zinc
finger II region of the monomer associated with the upstream
half-site (Fig. 2A), which covers the majority of the minor

groove of the spacing base pair (Fig. 3A). These interactions
bury 179 Å2 of solvent-accessible surface from bothmonomers
upon binding, which is substantially smaller than other dimeric
interactions observed in the crystal structures of related
NR-DBD�DNA complexes (39, 54), yet induce considerable
cooperativity in DNA binding. There could be additional
dimeric interactions made by the residues beyond Asp126 (the
last residue in our construct), and it is worth pointing out that
anotherMODY1 point mutation is found at the Arg127 residue
(R127W). However, among the various constructs of HNF4�
we have tried for crystallization with DNA, only the 46–126
construct produceddiffracting quality crystals. The key dimeric
interaction in our structure is the salt bridge between theT-box
residue Asp126 of the downstream monomer recognizing the
downstreamhalf-site and the zinc finger II region residueArg88
from the upstream monomer (Fig. 3A). The inter-half-site
spacing of the direct repeat provides the geometry needed for

FIGURE 2. Overall structure of the HNF4�-DBD�DNA complex and schematic diagrams of the protein/DNA interactions. A and B, schematic diagrams of
the protein construct sequences (A) and natural response element (B) constructs used in crystallization and biochemical studies. The amino acid and nucleotide
sequence numbers are shown in parenthesis at both ends. The HNF1� promoter sequence numbers were extracted from Ref. 13. C and D, schematic diagrams
of protein-DNA contacts at the upstream consensus sequence half-site (C) and at the downstream half-site (D). Sequences and interactions (key is provided
within the figure) are shown together for each monomer of HNF4�. Sequence-specific protein/DNA interactions and nonspecific DNA backbone interactions
are indicated by brown arrows and black arrows, respectively. Water molecules are depicted as blue circles. MODY1 mutation (Arg125) and MODY3 mutation
within the HNF4� recognition sequence are shaded in light blue.
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two subunits to interact effectively at their interface, and the
spacing of one base pair appears to be optimal for the salt bridge
between Asp126 and Arg88 to be formed. This critical dimeric
interaction also ensures the head-to-tail orientation of two
monomers in recognition of target genes containing a direct
repeat. Thus, these dimeric interactions appear to serve as a
molecular “ruler” that helps HNF4� effectively select the
intended target genes against the genes containing non-HNF4�
NR response elements.
Two of theMODY1 pointmutations, D126H andD126Y, are

found at this residue, and the carriers of these mutations
develop severe diabeteswith defectivemetabolic pathways (60).
The significance of this interaction for dimer formation and
cooperativity in target gene recognition is underscored by a
previous finding in which a similar construct of HNF4�-DBD-
(1–125), but critically lacking the Asp126 residue, was unable to
form a homodimer upon binding toDNA (33). Another notable
dimeric interaction is the hydrogen bond between the N� of
Gln102 from the upstreammonomer and the carbonyl oxygenof
Glu124 from the downstreammonomer. These interactions are

similar in nature but distinct from the dimeric interactions
found in the RXR�RXR homodimer or the RXR�RAR het-
erodimer bound to the DR1 elements (39, 61), since there is
little structural or sequence similarity in the C-terminal exten-
sions of the DBD, including the T-box (Fig. 1B).
HNF1� Promoter Recognition by HNF4�—The DBD is the

most conserved structural and functional element of NRs and
consists of two nonequivalent zinc finger motifs, each contain-
ing four highly conserved cysteine residues coordinating the
binding of a zinc ion. This results in the formation of a tertiary
structure containing three main helices (Fig. S1B), among
which the N-terminal helix (helix I) directly and specifically
interacts with themajor groove of eachDNAhalf-site sequence
element, whereas the C-terminal helix (helix III) overlays the
N-terminal helix in a perpendicular fashion and contributes to
stabilization of the overall protein structure by forming the base
of a hydrophobic core. The hydrophobic core of HNF4� is
made of a stretch of aromatic groups, such as Tyr63, Phe74,
Phe75, Tyr85, and Phe112, which are either strictly or highly con-
served throughout themembers of theNR superfamily (Figs. 1B

FIGURE 3. Functional features of the HNF4�-DBD�DNA complex. A, surface and ribbon representation of the HNF4��DNA complex structure. Two proteins
(red, upstream; blue, downstream) are bound to double-stranded DNA, and the hexanucleotide direct repeat DNA-response elements separated by one base
pair (DR1) on the HNF1� promoter are shown in green. Protein residues at the interface participating in dimeric interactions are highlighted by a ball-and-stick
model. B, DNA binding properties of HNF4�-(46 –126) measured by forward titration. Top, titration of the 21-mer duplex (0.45 nM) with protein (0 �M  [P] 
20.7 �M), detected by EMSA. Bottom, Scatchard plot summarizing results of three independent experiments. The smooth curve is a fit of the data with
Equations 1 and 2 returning association constant K � 1.36 
 0.26 � 104

M
�1, cooperativity factor � � 67 
 14, and stoichiometry 2.04 
 0.20 protein/DNA.

C, stereo view of the detailed contacts of the HNF4�-DBD/DNA interface through the recognition helix (helix I) at the major groove. This figure was made based
on the protein/DNA interactions at the downstream half-site. D, hydrophobic core of a monomeric HNF4�-DBD made of two unrelated zinc fingers. The core
residues, including a stretch of aromatic residues, are shown as a ball-and-stick model.
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and 3D). Two other residues, Val79 and Leu108, complete the
core structure. The resulting extensive hydrophobic core pro-
vides the integrity of the HNF4�-DBD and fixes the relative
orientation of the two helical substructures for optimal DNA
interactions.

Most nonsteroid NRs recognize one or two of the consensus
hexameric sequence 5�-AGGTCA-3� or its slightly degenerate
variations (32). HNF4� recognizes target genes with two direct
repeats, the DR1 element, as a homodimer (33). The synthetic
double-stranded DNA used in our study corresponds to the
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HNF4� recognition site within theHNF1� promoter with opti-
mal binding (13, 62, 63) and contains the upstream “AGTTCA”
and downstream “AGTCCA” half-sites (Fig. 2B) as well as nat-
ural flanking sequences. This crystal structure of the complex
allowed us to elucidate high resolution atomic details of inti-
mate protein/DNA interactions at 2.0 Å resolution (Fig. S1A),
and schematic representations of the intimate protein/DNA
interactions at both half-sites are shown in Fig. 2, A–D.
The two HNF4�-DBD molecules bind to DNA in a similar

manner. Briefly, each DNA-binding domain of HNF4� is
arranged in two compact zinc finger motifs consisting of an
N-terminal�-hairpin, threemain�-helices followed by a single
helical turn (310-helix), and a C-terminal extension (the
remainder of T-box) (Figs. 1B and 3A). DNA contacts aremade
in both the major groove and minor groove, and schematic
details of the interactions between HNF4� and each half-site
are shown in Fig. 2, C and D. The recognition helix (helix I)
docks into themajor groove roughly perpendicular to the DNA
axis (Figs. 3A and 4A) and forms extensive interactions with the
HNF4� consensus binding sequence (Fig. 3C). The key residues
making specific DNA interactions, such as Asp69, Lys72, Arg76,
and Arg77 on helix I, are highly conserved throughout the NR
superfamily (Figs. 1B and 2, C and D). Among these, Arg76 dis-
plays the plasticity through its ability to bind DNA in alterna-
tive ways to recognize differential sequences between the two
half-sites of our DNA construct and might play a role in select-
ing specific targets. Additional residues making specific DNA
interactions outside helix I, such as His62 and Tyr63 protruding
from the loop proceeding helix I, are also highly conserved.
These sequence-specific DNA contacts, either direct or water-
mediated, are made by five of the six base pairs of each half-site
(Figs. 2, C andD). This is in contrast to RXR, in which no more
than three conserved base pairs are recognized in each half-site
(61), reflecting its promiscuity in DNA binding as a het-
erodimer for multiple nonsteroid NRs. HNF4� appears to have
more stringent target selectivity. Intriguingly, a MODY muta-
tion is found on the only base pair that does not participate in
the sequence-specific interactions (Fig. 2C) and is therefore
believed to play a minor role in protein/DNA interactions (see

“Diabetes Mutations” for further discussion). Numerous pro-
tein-phosphate backbone interactions occur with only three
phosphate backbone groups within the 5�-half of each recogni-
tion site, as shown in Fig. 2,C andD, and this feature appears to
be a common mode of DNA recognition among NRs (39, 64,
65).
The HNF4�-DBD contains a short C-terminal extension,

known as the T-box (Figs. 1B and 2A), that provides protein
dimer interactions and additional DNA interactions in the
minor groove upon dimer formation (Fig. 3A). In this minor
groove, typically no DNA base-specific contacts are found, and
only the phosphate backbone interactions are made by the res-
idues within the T-box. In our structure, Gln122 forms a pair of
hydrogen bonds to DNA backbone phosphates, and Arg125
makes an additional ion pair with a DNA backbone phosphate
only at the downstream half-site, where it becomes ordered
upon dimeric interactions. Since these interactions are all with
the DNA backbone atoms, they may not greatly influence the
target sequence specificity.
To analyze structural deviations, two HNF4�-DBDmono-

mers present in the asymmetric unit were superimposed.
The 0.46 Å root mean square deviation for the entire 76 C�
atoms of each monomer reflects the lack of gross structural
disparity (Fig. S2). The only notable differences between the
two half-site protein/DNA interactions are the alternative
interactions needed for the recognition of differential
sequences between the two half-sites (AGTTCA versus
AGTCCA), displaying its plasticity in target recognition, and
the additional DNA contact in the downstream half-site
made by the C-terminal end of HNF4�, such as an ion pair
between Arg125 and a DNA backbone phosphate in the
minor groove, when the C-terminal end becomes ordered
when the two monomers meet (Figs. 2, C and D).
Diabetes Mutations—Missense point mutations and the

encoded single amino acid substitutions can be instructive site-
specific measures of protein function and structure.Within the
region of our construct, there are fiveMODY1missense muta-
tions that are listed in the Human Gene Mutation Data base at
the Institute of Medical Genetics (available on theWorldWide

FIGURE 4. Diabetes mutations on HNF4�-DBD and their functional studies. A, mapping of MODY1 mutations on the HNF4�-DBD structure. Side chains of
residues affected by MODY point mutations are displayed by a ball-and-stick model. Mutations are found toward the C-terminal end of HNF4�-DBD, including
the T-box, and no mutations are found at the main HNF4�/DNA binding interface or the hydrophobic core of HNF4�. B, overall transcriptional activity by the
MODY mutants compared with wild type with different cell types or on different promoters. Top, HeLa cells transfected with wild type or mutated
pcDNA3-HNF4� and the luciferase reporter construct pGL3-(BA)3; middle, HeLa cells transfected with wild type or mutated pcDNA3-HNF4� and the luciferase
reporter construct pGL3-HNF1�-298; bottom, MIN6 cells transfected with wild type or mutated pcDNA3-HNF4� and the luciferase reporter construct pGL3-
(BA)3. Standard luciferase-based transcriptional reporter assays were conducted using HeLa cells or MIN6 cells transfected with wild type or mutated
pcDNA3-HNF4� and the luciferase reporter construct containing three copies of the HNF4� response element (�77 to �65) within the promoter of human
apolipoprotein B (pGL3-(BA)3) or one copy of the HNF4� response element (�64 to �52) within the promoter of human HNF1� (pGL3-HNF1�-298). CTL in the
first lane refers to an empty vector, and all data have been normalized against the firefly Renilla luciferase activity. C, EMSA DNA binding assay. The first two lanes
(from the left) were used as controls (DNA probe only and nuclear extract from the transfection with the empty vectors), and the third lane confirmed the
identity of the binding proteins. Wild type (WT) is shown in lane 4, and the mutants are shown in the subsequent set of lanes (lanes 5–9). The lower bands
correspond to free DNA, whereas the upper bands represent the shifted HNF4��DNA complex or the supershifted HNF4��antibody�DNA complex. The Western
blot (top) compares the amount of wild type and mutated forms of HNF4� in the loaded nuclear extracts. D, lifetime of the HNF4� mutants compared with wild
type. Left, raw data. HeLa cells were labeled with [35S]methionine/cysteine for 30 min (0 h) and pulse-chased for various lengths of time (3–18 h) in the presence
of excess nonradioactive methionine/cysteine. Samples were immunoprecipitated under normal stringency conditions using polyclonal anti-HNF4� antibody
and subjected to SDS-PAGE followed by autoradiography. Right, fraction of initial protein. The percentage of the remaining protein (relative value) is calculated
by the relative amount of the protein at a given postchase time to the initial amount at 0 h as determined by the intensity of each band using the Image-Quanta
software. E and F, overall secondary structure contents and thermal denaturation analysis of the wild type and the G115S mutant. For these experiments,
HNF4�-(46 –126)-MBP fusion proteins were used. E, far-UV CD spectrum of the G115S mutant measured from 260 and 198 nm along with the wild type and
D126H mutants as control. The amounts of secondary structures were calculated by CDSSTR deconvolution software and are given in the inserted table.
NRMSD, normalized standard deviation. F, temperature-induced denaturation profile of the wild type and the G115S and D126H mutants. The melting
temperatures (TM) were taken as the midpoint of each unfolding transition by fitting to Gaussian curves of the first derivative function.
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Web). Thesemutationsweremapped to our structure, and they
were found in the peripheral regions away from both the pro-
tein/DNA binding interface and the hydrophobic core (Fig.
4A). None of the mutations are found at the residues that make
importantDNAcontacts or comprise the core of the zinc finger
motifs. Only 1 of 17 DNA contacting residues (Arg125 at the
downstream half-site but not at the upstream half-site) is
mutated in MODY1 patients (Figs. 2, C and D), which is in
contrast to related MODY gene products, such as HNF1�
(MODY3) and HNF1� (MODY5), in which numerous loss-of-
function mutations are found on residues involved in DNA
binding or protein core packing (66, 67). Consistent with these
findings, all of the known mutations cause only modest reduc-
tions in overall transcriptional activity, with the greatest reduc-
tion being slightly over 50% as a result of the G115S mutation
(Fig. 4B). These modest effects are consistent across different
cell types and on different promoters (Fig. 4B). It seems likely,
given the absence of mutations that profoundly affect function,
that drastic disruption of HNF4� cannot be tolerated. This
notion is consistent with embryonic lethality observed with the
embryonic targeted disruption of HNF4� (5, 6). Our data sug-
gest that a nearly 50% reduction in activity can be tolerated,
albeit with significant effects on the organism. DBD mutants
would probably have a dominant negative effect, since they
dimerize with the wild type protein present (68). In that regard,
no homozygous mutants of HNF4� have been found in
humans, and MODY1 has a much lower prevalence compared
with MODY3 and MODY5 (69).
The patients with the G115Smutation develop severe diabe-

tes with very low insulin secretion (70), and this mutation was
proven to result in strong impairment of HNF4� transcrip-
tional activity and creation of a repressive phosphorylation site
(71). Gly115 and the adjacent residue Met116 are strictly con-
served in the related NR superfamily (Fig. 1B), implying a strict
requirement for a glycine residue at this position. They are
located in the solvent-exposed loop at the C-terminal end of
helix III and appear to play no direct role in DNA binding (Fig.
4A). However, Gly115 is essential for forming a sharp turn in the
loop, adopting unusual backbone torsion angles of� � 118° and
� � �174° for both monomers. Substitution by a nonglycine
residue is expected to perturb the local conformation and
potentially protein stability. We therefore measured the sec-
ondary structure content and protein stability of the G115S
mutant in vitro as well as in vivo. To characterize the secondary
structure contents of the HNF4� wild type and the G115S
mutant, we used the CD technique. Fig. 4E shows the CD spec-
tra and the estimates of the secondary structure element frac-
tions for each of the fusion protein. The secondary structure
content of the wild type HNF4�-DBD-MBP fusion protein was
estimated as 64% in �-helix, 2% in �-strands, 4% in turns, and
16% in coils. These values are in good agreementwith the actual
secondary structure content for this presenting structure and
the previously determined MBP structure (Protein Data Bank
code 1N3X). However, the �-helical content for the G115S
mutant was estimated as 36% (44% reduction compared with
the wild type), whereas the content of the unordered regions
(coils) went up to 35% (an over 200% increase). These changes
were markedly greater than the control mutant (D126H) and

could be responsible for its reduced protein stability, whichwas
measured by both in vitro and in vivo assays. In the in vitro
protein unfolding studies, G115S yielded a thermal denatur-
ation midpoint (Tm) value of 53.5°, corresponding to TM shift
of�3.0° comparedwith the wild type and theD126Hmutant as
controls (Fig. 4F). The in vivopulse-and-chase experiments also
showed similar results (Fig. 4D). Although the differences were
not large, the G115S mutant along with the V121I mutant
showed more rapid degradation in mammalian cell lines. As a
result, there was very little DNA binding activity of the G115S
mutant by EMSA analysis with nuclear extract from the trans-
fected cells overexpressing the full-length proteins (Fig. 4C,
lane 5). It is worth pointing out that the in vivo transcription
assay with the G115S mutant showed some activity (but con-
siderably less than the activities by otherMODY1mutants) (Fig.
4B), whereas it showed no binding in in vitro EMSA assays.
These differences between the in vitro and in vivo studies could
be due to the presence of cellular factors, such as co-activators,
that may help stabilize DNA binding in vivo. The reduced tran-
scriptional activity of the G115S mutant was not due to lower
protein expression levels, based on our observations and the
previous report (71).
The V121I mutation was identified from MODY patients

who have abnormal glucose tolerance along with other typical
diabetic symptoms (72, 73); however, the functional and bio-
chemical studies of this mutant have not been conducted. The
Val121 residue is located at the fringe of the hydrophobic core
but optimally situated at the top of the DNA recognition helix
(helix I) and helps to anchor the helix I in a position for DNA
binding (Fig. 4A). Substitution with the bulkier isoleucine resi-
due may shift helix I sufficiently to affect its interactions with
DNA.Thus, theV121Imutation is predicted to cause disease by
amechanismwherein it altersDNAbinding by preventing opti-
mal positioning of the recognition helix (helix I). Our DNA
binding assay with the full-length mutant (Fig. 4C, lane 6)
showed amodest yet clearly noticeable reduction inDNAbind-
ing activity. Since slightly reduced protein stability of the V121I
mutant was also observed in the pulse-and-chase experiment
(Fig. 4D), the decrease in in vitro transcription (Fig. 4B) could
result from a combination of decrease in both DNA binding
activity and protein stability.
The R125W mutation was identified from the MODY

patients in an isolated ethnic group and causes relatively mild
diabetic symptoms (73), and no functional studies have been
done. Arg125 is at the C-terminal end of the T-box, and itmakes
DNA backbone interactions in the minor groove through the
guanidium group as well as the backbone amide nitrogen (Fig.
4A). However, these interactions were only seen at the down-
stream half-site, where the C-terminal end of HNF4� T-box
becomes ordered through dimeric interactions. Mutation to a
tryptophan will probably disrupt the organization of the pro-
tein/DNA interface in afflicted individuals through steric
repulsion and the loss of the salt bridge interaction. This struc-
tural finding was tested by a set of biochemical studies in which
the R125W mutant showed markedly reduced DNA binding
activities (Fig. 4C, lane 7) and over 50% reduction in transacti-
vation potential (Fig. 4B). Since this residue was found outside
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the HNF4�-DBD hydrophobic core, this substitution appears
to have no effect on protein stability (Fig. 4D).

Mutations on the Asp126 residue (D126H and D126Y) were
proven to cause severe pancreatic �-cell dysfunction and mild
liver abnormalities (60). Preliminary functional studies on these
mutations indicated loss-of-function primarily due to their
suboptimal binding to target genes, especiallywithHNF1� (60).
Our crystal structure now provides themolecular basis of func-
tional disruption by these mutations. The Asp126 residue is
located at the dimeric interface, where it forms an ion-pair with
Arg88 of the other monomer and provides DNA binding coop-
erativity and target gene selectivity (Figs. 3A and 4A). This cru-
cial interaction byAsp126 occurs only for the downstreammon-
omerwhere twomonomersmeet. The upstreamAsp126 residue
is disordered in the crystal structure. Substitutions at this site
seen in theD126H andD126Ymutants displayed onlymarginal
reduction in their overall transcriptional activities (Fig. 4B),
although they, especially the D126H mutant, lost most of their
DNA binding activities (Fig. 4C, lanes 8 and 9), which suggests
that their in vitro DNA binding activities did not directly cor-
relate with the final levels of transactivation andmay have been
affected by other cellular factors. Thesemutations are expected
to cause the loss of the salt bridge formation between themono-
mers and the subsequent DNA binding cooperativity seen with
the wild type (Figs. 3A and 4A). Similar findings were alsomade
with the nuclear extracts containing the full-length version of
the mutants (60). These mutations appeared to retain the wild
type-like protein stabilities (Fig. 4D).

Finally, an additional MODY mutation has been identified
through the linkage studies on the HNF4� response element
within theHNF1� promoter (A3C substitution at nucleotide
�58; Fig. 2, B and C), reinforcing the HNF1� gene as a down-
stream target forHNF4� both in the�-cell and hepatocyte (13).
The A-T base pair at the 3�-end of the upstream half-site does
not participate in any base-specific interactions with HNF4�
(Fig. 2, B and C). Only water-mediated and direct hydrogen
bonds with the backbone phosphate atoms of one of the A-T
base pair nucleotides (thymidine) is observed. Thus, a change at
this promoter position would not be likely to cause major func-
tional disruption, consistent with the idea that substantial
defects in HNF4� function can be lethal to the survival of the
embryos. This mutation might cause altered “indirect readout”
by the protein, resulting in a disease state, or affect the local
DNA conformation within the chromatin assembly, altering its
accessibility to other transcription combinatorial elements,
such as co-activators and mediators (74, 75).
Additional Regulatory Residues within the DNA Binding

Domain of HNF4�—The activity of HNF4� is known to be reg-
ulated by several post-translationalmodifications. For example,
HNF4� DNA binding activity and transactivation potential are
tightly regulated by its state of phosphorylation induced by var-
ious signal-dependent kinases (76–79). Among the positively
identified phosphorylation sites (76–78), only Ser78, a protein
kinase C phosphorylation site, lies within the DBD (Fig. 1B)
(79). In our structure, Ser78 is at the back side of the DNA
binding surface with its side chain facing the core (Fig. 5).
Although Ser78 forms a hydrogen bond with the neighboring
residue Tyr85, it is near the surface of the protein and should be

accessible for an acting kinase (protein kinase C) in the absence
of DNA. Phosphorylation of Ser78 would probably disturb a
hydrogen bond with Tyr85 and destabilize the core electrostat-
ically, reducing protein stability. The effect of this modification
has been recently tested with the mutants that either block or
mimic this specific modification, and the data showed that this
modification indeed reduced the protein stability and the
endogenous HNF4� protein amount (79). Reduced DNA bind-
ing and impaired nuclear localization also have been reported
for the phosphomimetic mutant at this position (S78D) by the
same group. This can be explained by our structure that indi-
cates bringing in a highly negatively charged group near both
the DNA backbones and a set of positively charged residues
serving as a nuclear localization signal would alter the local
charge distributions, which could prevent the optimal DNA
binding and nuclear localization, thereby acting as a repressive
regulatory modification.
Methylation of Arg91 by PRMT1 (protein arginine methyl-

transferase 1) has also been recently reported, and it was shown
that this modification enhances DNA binding and facilitates
the protein assembly needed for transcription preinitiation
complex formation (80). Thus, this modification functions as
an activator, as opposed to the repressive role played by phos-
phorylation. As shown in Fig. 5, Arg91 is fully exposed to solvent
and should be readily available for the catalysis by PRMT1.
However, Arg91 is far away from the DNA binding sites; thus, it
does not appear to have a direct role in DNAbinding. Although
the modifications at remote sites can have an indirect effect on
DNA binding, it is worth pointing out that in these studies (80),
DNA binding was measured by chromatin immunoprecipita-
tion or EMSA studies with the chromatinized DNA; thus, the
indirect effects through additional protein factors cannot be
ruled out. It is very clear from our structure that since Arg91 is
fully exposed, this modification could alter the protein-protein
interaction pattern, leading to differential recruitment of addi-
tional factors needed for a transcription preinitiation complex
assembly, which in turn could affect the stability of the premade
HNF4�/DNA interactions.

FIGURE 5. Mapping of regulatory post-translational modification sites on
the HNF4�-DBD structure. Phosphorylation and methylation sites are indi-
cated by PO3

�2 (red) and CH3 (purple), respectively, among which the Ser78

residue makes a hydrogen bond with the neighboring Tyr85 residue through
their hydroxyl groups.
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Conclusions—NRs have evolved to be able to recognize a
variety of specific target genes with high specificity from a pool
of genomic sequences within a regulated chromatin structure.
HNF4�, as a member of the orphan NR family, binds target
DNAs exclusively as a homodimer and mainly recognizes the
DR1 elements. Our structural results indicate that faithful tar-
get selection and recognition by HNF4� result from DNA
sequence-specific interactions as well as unique dimeric inter-
actions made by the T-box residues, which also provide high
cooperativity in DNA binding. MODY mutations on the
HNF4� gene product and the HNF1� promoter were found to
be peripheral residues or a nucleotide that do not directly par-
ticipate inmajor protein/DNA interactions or protein core for-
mation. In contrast to other MODY mutations, all of these
mutations onHNF4� cause only a modest loss of function, and
none appear to affect nuclear localization or are found on the
protein surface for potential protein-protein interactions. Nev-
ertheless, these substitutions result in sufficient reduction in
overall transcriptional activity to cause severe forms of diabe-
tes. On the other hand, two known post-translational modifi-
cations within the HNF4�-DBD appear to regulate activity
mainly by protein core destabilization or modification of pro-
tein-protein interactions. These findings should help in the tar-
geting of selective residues for correcting mutational defects or
modulating the overall activity of HNF4� as a means of thera-
peutic intervention.
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