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ABSTRACT: HNF1â is an atypical POU transcription factor that participates in a hierarchical network of
transcription factors controlling the development and proper function of vital organs such as liver, pancreas,
and kidney. Many inheritable mutations onHNF1â are the monogenic causes of diabetes and several
kidney diseases. To elucidate the molecular mechanism of its function and the structural basis of mutations,
we have determined the crystal structure of human HNF1â DNA binding domain in complex with a
high-affinity promoter. Disease-causing mutations have been mapped to our structure, and their predicted
effects have been tested by a set of biochemical/ functional studies. These findings together with earlier
findings with a homologous protein HNF1R, help us to understand the structural basis of promoter
recognition by these atypical POU transcription factors and the site-specific functional disruption by disease-
causing mutations.

HNF1â (hepatocyte nuclear factor 1â; also known as
vHNF1 or TCF2) is a widely distributed transcription factor
that plays a critical role in early vertebrate development and
embryonic survival (1-3). First identified as a key regulator
in the liver, HNF1â is also expressed in the pancreas, kidney,
lung, ovary, testis, and throughout the gastrointestinal tract.
In pancreaticâ-cells, HNF1â is known to form an integrated
regulatory network with other transcription factors such as
HNF1R, HNF4R, Pdx-1, Foxa2, and NeuroD1 for organ
development and proper function (1, 4). Thus, in humans,
heterozygous mutations in the HNF1â gene have been linked
to neonatal diabetes (5) and the autosomal dominant subtype
of diabetes known as MODY (maturity-onset diabetes of the
young) (6). Extrapancreatic diseases are also increasingly
recognized in different organs, especially in the kidney, with
a variety of renal developmental disorders such as renal cysts,
familial hypoplastic glomerulocystic kidney disease, renal
malformation, and atypical familial hyperuricaemic nephr-
opathy (7-11).

POU transcription factors, which includePit-1, Oct-1, and
Unc-86 as founding members and are now expanded to more
than 13 members in humans, are developmental regulators
of various neuroendocrine organs, and their sequence-specific
DNA binding is mediated by a bipartite motif that consists
of a POU homeodomain (POUH) and POU-specific domain
(POUS) (12, 13). POUH is a 60 amino acid classic home-
odomain made of threeR-helices with the third as a DNA
recognition helix, while POUS is an additional∼75 amino
acid all-R-helical motif that cooperates with POUH to enhance

the binding affinity and specificity of DNA binding (Figures
1 and 2) (12, 14). HNF1R (MODY3 gene product, the most
commonly mutated MODY protein) and HNF1â (MODY5
gene product) are atypical members of the POU transcription
factors. Their POUS domains have at least one additional
R-helix at the N-terminus, and the second helix and adjacent
loop of their POUH domains are much longer, creating a more
extensive interface between the POUS and POUH domains
(Figure 2) (15). This extended interface fixes the relative
orientations of the two domains and provides rigidity for
DNA recognition (15) as opposed to the flexibility seen in
another POU transcription factor, Pit-1. The interdomain
interaction in Pit-1 is relatively minimal, which allows it to
adopt unique conformations when binding to different
promoters and provides an allosteric mechanism by recruiting
distinct subsets of coactivators and corepressors (16). Another
distinction comes from the fact that while other POU
transcription factors such as Oct-1 and Pit-1 can bind DNA
as either monomers or dimers (12, 14), HNF1R and HNF1â
bind DNA exclusively as dimers.

HNF1R and HNF1â are encoded by two different genes
(HNF1R on 12q22-qter andHNF1â on 17cen-q21.3), and
they are functionally distinct. For example, the timing and
tissue-specificity of their gene expression appear to be quite
different: that is, HNF1â is expressed in pancreatic stem
cells before differentiation into endocrine or exocrine cells
(17), while HNF1R is primarily involved in maintaining
proper function of vital organs (18-20). In addition, distinc-
tive sets of MODY mutations are found inHNF1R and
HNF1â (21, 22), and the phenotypes between the patients
with HNF1R andHNF1â mutations are markedly different
(23). Even though mutations in both are associated with
diabetes, renal developmental disorders and genital malfor-
mations are more prominent with the mutations inHNF1â
(7, 8), which also encompass a wide clinical spectrum
including genital tract malformations, abnormal liver
function, pancreatic atrophy, exocrine insufficiency, and
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biliary manifestations (8, 24). Recently, HNF1â has also
been associated with ovarian clear cell carcinoma (25, 26),
and mutations in this protein are also responsible for
neonatal cholestatic jaundice (27). Thus, in addition to its
effect on pancreaticâ-cells (5, 28, 29), HNF1â appears to
be involved in normal functioning of many other organs
(10, 11).

Human HNF1â is made of 557 amino acids and, like
HNF1R, it has three distinctive modular domains: the
dimerization domain, which is further stabilized by a
dimerization cofactor DcoH; the POU DNA binding domain;
and the transactivation domain (Figure 1). Amino acid
sequences are highly conserved only in the dimerization and
DNA binding domains. Variable linkers between the domains
and the diverse C-terminal transactivation domain are
believed to facilitate interactions with different sets of
proteins for HNF1R and HNF1â. Despite sequence similarity
in the DNA binding domains, HNF1â and HNF1R have
apparently different target gene selectivity within the same
cells. For example, in kidney cells, 25 potential target genes
have been identified for HNF1â while only nine (three
common and six unique ones) have been identified for
HNF1R (30). While the structural and functional properties
of HNF1R have been extensively studied, the structural
features of HNF1â remain essentially uncharacterized and
are mainly inferred from its homology to HNF1R. Thus, to
gain additional insight into the molecular basis of target gene
recognition by these POU transcription factors and the
functional disruption made by disease-causing mutations, we
have determined the crystal structure of human HNF1â DNA

binding domain in complex with a high-affinity promoter
and functionally characterized the mutations that are found
in this mutational ‘hot-spot’ region.

MATERIALS AND METHODS

Structure Determination and Refinement.Preparation of
the samples and crystallization of the complex have been
reported previously (31). The crystals belong to the space
groupR3 with unit cell dimensionsa ) b ) 174.69 Å and
c ) 72.43 Å and diffraction to 3.2 Å resolution. There is
one complex (two HNF1â and one dsDNA) in the crystal
asymmetric unit (62% solvent content). The structure was
solved by the molecular replacement method by use of
MOLREP (32). As a search model, we used our previous
structure of HNF1R/DNA complex (15). The best solution
had a correlation coefficient of 52.4%, 15.2% above the
second-best solution. TheRcryst value after molecular replace-
ment was 0.51. After one round of rigid-body refinement,
Rcryst andRfree dropped to 0.43 and 0.44, respectively. Protein
residues were changed in order to match the sequence of
HNF1â and the model was refined by simulated annealing
implemented in CNS (33). Model building was done with
O (34), and refinement was continued by simulated annealing
with CNS, with restraints placed on bond lengths, bond
angles, nonbonded contacts, and temperature factors of
neighboring atoms. Noncrystallographic symmetry (NCS)
restraints were imposed only on the protein, and bulk-solvent
corrections were applied. TheσA-weighted 2Fo - Fc maps
as well as omit maps were calculated at regular intervals to
allow manual rebuilding. Inclusion of individual atomic

FIGURE 1: (A) Disease-causing mutations found in HNF1â. Unlike nonsense and frameshift mutations, point mutations are clustered within
the DNA binding domain. Point mutations found in the DNA binding domain are indicated in black, and the remaining regions are shown
in gray. (B) Sequence alignment of human HNF1â and HNF1R DNA binding domains. PR1 through PR5 make up POUS, while HR1
through HR3 make up POUH. Invariant and variant residues are colored blue and brown, respectively. Point mutations are shown in red
above (HNF1â) and below (HNF1R) the sequences. The numbers in front of each sequence indicate the beginning number of the amino
acids, and the core domains and the nuclear localization signal (NLS) are highlighted by green and pink shadow boxes, respectively.
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temperature factors and removal of NCS restraints during
the final stages of refinement were accompanied by a
substantial decrease inRfree values. The final refinement
statistics are provided in Table 1.

Site-Directed Mutagenesis.The Quick Change Multi Site-
Directed Mutagenesis kit (Stratagene) was used to generate
constructs with point mutations of HNF1â DNA binding
domain according to the manufacturer’s instructions. The
plasmid templates used in the mutagenesis protocol were
pET41a GST-HNF1â DBD and pCMV-SPORT6 HNF1â
(Mammalian Gene Collection 21262). All of the generated
constructs with the mutated sequences were verified with
DNA sequencing.

Electromobility Shift Assay.Standard gel mobility-shift
assays (EMSA) (35) were used to determine the effects of
disease-causing mutations on binding affinity for DNA
recognition sites. Briefly, binding reactions of different
protein:DNA molar ratios were assembled at 25°C in a total
volume of 10µL in 10 mM Tris, pH 7.5, 50 mM NaCl, 1

mM MgCl2, 0.5 mM dithiothreitol (DTT), 0.5 mM ethyl-
enediaminetetraacetic acid (EDTA), 100µg/mL bovine
serum albumin (BSA), 10µg/mL poly(dI-dC), and 4% (v/
v) glycerol. Purified protein was incubated in the binding
buffer at 25°C for 10 min before the addition of oligo-DNA.
Reaction mixtures were incubated at 25°C for an additional
20 min before they were loaded onto a 6% nondenaturing
polyacrylamide gel that had been pre-run at 4°C for 30 min
in 0.5× TBE (45 mM Tris, 45 mM borate, and 1 mM EDTA,
pH 8.3). Electrophoresis continued for about an hour before
the gel was stained with 0.1µg/mL ethidium bromide in 0.5×
TBE buffer. For these experiments, we used the same oligo
(21-mer overhang) that was used for crystallization and
structure determination (31).

Cell Culture.HeLa cell line was cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (Invitrogen), 50 units/mL penicillin G,
50 µg/mL streptomycin (Sigma), and 0.1 mM nonessential
amino acids (Invitrogen).

Transcription Assays (Luciferase Reporter Assays).Three
copies of the HNF1â binding element from theâ-fibrinogen
promoter [pGL3-(â28)3] were subcloned into the firefly
luciferase reporter vector pGL3-Basis (Promega). The Quick
Change Multi Site-Directed Mutagenesis kit (Stratagene) was
used to create specific substitutions, and all sequences were
verified. HeLa cells were transfected by use of Opti-MEM
and LipofectAMINE 2000 reagent (Invitrogen) according to
the manufacturer’s recommendations. Briefly, a total of 50
ng of pCMV-SPORT6 HNF1â or mutants, 50 ng of pGL3-
(â28)3 and 5 ng of pRL-TK (controlRenillaluciferase vector)
were used for transfection of 1× 105 cells seeded on a 24-
well plate 1 day before transfection. Forty-eight hours after
transfection, cells were washed with 1× PBS and lysed with
luciferase lysis buffer supplied with the luciferase assay kit
(Promega). Luciferase activity was measured with the dual
luciferase assay system (Promega) and Lmax luminometer
(Molecular Devices). All values were normalized by the
relative ratio of firefly luciferase activity andRenilla

FIGURE 2: (A) Comparison of HNF1â-DNA (purple) and HNF1R-
DNA (gold) (60) complexes. The two structures are superimposed
through their POUH domains of the first molecule (left). After the
operation, the POUS domains of the first molecule also superimpose
very well, while the second molecules are 9.8° apart from each
other. (B) Superposition of HNF1â homeodomain/DNA complex
crystal structure (blue) with the NMR ensemble structures of
HNF1â homeodomain without DNA (pink, PDB code 2DA6). The
N-terminal arm containing two key arginine residues (R235 and
R232) that make contacts with DNA through the minor groove can
be seen below the helices on the left.

Table 1: Data and Refinement Statistics

Native Diffraction Data

parameter total outer shell

resolution (Å) 27.9-3.2 3.31-3.20
Rmerge

a (%) 8.3 29.2
completeness (%) 94.3 63.4
I /σ(Ι) 28.8 3.4
redundancy 6.3 3.8

Refinement
no. of reflections

(20.0-3.2 Å)
work 11,992
free-flagb 637

modeled regions aa 90-187 and 231-308 in molecule A
aa 90-185 and 231-310 in molecule B
DNA 1-20 in chain E and 2-21 in chain F

R factor (%) 22.9
Rfree (%) 28.7
〈B〉 for all atoms (Å2) 69.45
rms deviations

bond lengths (Å) 0.079
bond angles (deg) 5.45

a Rmerge) Σh Σi |I(h)i - 〈I(h)〉|/Σh Σi I(h)i, whereI(h) is the intensity
of reflection h, Σh is the sum over all reflections, andΣi is the sum
overi measurements of reflectionh. b 5% of the reflection data excluded
from refinement.
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luciferase activity. At least three independent transfections
were performed in quadruplicate.

Western Blotting.Immunodetection of expression of
HNF1â and mutants in HeLa cells was performed with
whole-cell lysates, rabbit anti-HNF1â antibody (Santa Cruz),
rabbit anti-actin antibody (Sigma), and goat anti-rabbit
antibody conjugated with horseradish peroxidase (HRP) (Cell
Signaling Technology). Briefly, transfected cells were lysed
with cell lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl,
0.5% Triton X-100, 0.5% NP-40, and 1 mM EDTA) with
protease inhibitors. Cell lysates were centrifuged and protein
concentration of each cell lysate was determined by use of
Bio-Rad protein assay reagent. The same amounts of cell
lysates were loaded onto an SDS-15% polyacrylamide gel
and proteins were fractionated by electrophoresis and
transferred to poly(vinylidene difluoride) (PVDF) membrane.
The blotted membrane was incubated with aforementioned
antibodies and signals were detected by an enhanced chemi-
luminescenc- (ECL-) based method (Amersham).

Protein Stability Assays (Pulse-Chase Experiment).Sta-
bility of the mutants in cultured cells was measured by means
of pulse-chase experiments. Twenty-four hours after trans-
fection, HeLa cells were serum-starved for 1 h before being
incubated in DMEM minus Met/Cys for 30 min and then
labeled with 100µCi/mL Trans 35S labeling mix (MP
Biomedicals) for 30 min at 37°C. Labeling medium was
removed thereafter and the35S-labeled cells were incubated
in DMEM medium containing 10% FBS for the indicated
periods of time (0-18 h) and lysed. The nuclear extracts
were prepared by use of a NucBuster protein extraction kit
(Novagen). Proteins were immunoprecipitated with anti-
HNF1â antibody (Santa Cruz) and protein A-Sepharose
beads (Amersham) and resolved by SDS-PAGE, and
incorporated radioactivity was analyzed by autoradiography
with BioMax film (Eastman Kodak).

RESULTS AND DISCUSSION

OVerall Structure of HNF1â and Comparison with HNF1R.
HNF1â and HNF1R share 70% sequence identity within the
construct (HNF1â amino acids 91-310) and 82% when the
more variable linker between the POUH and POUS domains
is not considered. As expected, the overall structure of
HNF1â is very similar to that of HNF1R with the exception
of the very N-terminal end of the constructs, where HNF1â
adopts an additional two-turn helix (PR1′) remote from the
DNA binding surface (Figure 2A). HNF1R and HNF1â DNA
binding domains superimpose extremely well (Figure 2A);
rmsd values for superposition of backbone atoms of the
HNF1â POUH and POUS (excluding PR1′) with those of
HNF1R are 1.19 and 1.12 Å, respectively. The relative
orientation between the two domains is almost identical,
owing to the extensive interdomain binding surface that
provides rigidity between the two domains. However, when
one molecule of each complex is superimposed, the second
molecules are rotated by 9.8° with respect to each other
(Figure 2A). This offset could be due to different crystal
packing or slightly different mode of DNA backbone
recognition (Figure 3) or a combination of both. The overall
DNA conformations are similar in both complexes.

The extensive interdomain binding surface in HNF1R and
HNF1â is quite unusual among POU transcription factors

and plays a key role in optimal target gene recognition (15).
The contact between the POUS and POUH domains in the
HNF1â monomer buries even more than what has been
observed with the HNF1R structure (474 Å2 vs 297 Å2)
(Figures 2 and 4). Specific interactions are made by the
elements not present in classical POUH and POUS domains:
the C-terminal extension of HR2, the longer loop between
HR2 and HR3, and the C-terminal extension of PR5. These
interactions include the side-chain-side-chain (N133‚‚‚Q275,
R137‚‚‚N234, Q138‚‚‚N234, and T186‚‚‚K282) and side-
chain-backbone (Q131‚‚‚Q275, H132‚‚‚R276, N133‚‚‚
K237, T186‚‚‚K282, and Q182‚‚‚G285) hydrogen bonds and
the F183-V278 van der Waals interactions. Unlike HNF1R,
no hydrophobic patch is found at the interdomain interface
of HNF1â. The intramolecular interface between POUS and
POUH domains of Pit-1, in contrast, is much smaller, with
92 and 67 Å2 buried for complexes with prolactin and growth
hormone promoters, respectively (16). In the case of Pit-1,
flexibility between POUS and POUH domains allows dif-
ferential recognition of promoters, which, in turn, is thought
to facilitate its association with distinct subsets of coactivators

FIGURE 3: Schematic summary of HNF1â-DNA interactions and
disease-causing mutations. Residues from molecules 1 and 2 are
shown in pink and green, respectively. POUH and POUS domain
residues are shown as rectangles and ovals, respectively; filled
shapes indicate disease-causing mutations. DNA bases within the
consensus recognition motif are colored blue.
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and corepressors. The more extended interface between
POUS and POUH domains indicates the opposite for HNF1R
and HNF1â: that rigidity, as opposed to flexibility, might
be necessary for normal function. HNF1R and HNF1â
recognize a target sequence with only one base pair between
the two recognition subsites (Figure 3) while Pit-1 and Oct-1
can recognize the target sequences with different numbers
of base pairs in between subsites and accordingly recruit
different subsets of coactivators and corepressors (16, 36).

Another unique feature of POU transcription factors is the
extended coil region covalently linking POUS and POUH

domains, whose sequence variability is the key element in
differential combinatorial control of gene expression (37) by
recruiting different sets of transcriptional coregulators (38).
The linker between the POUS and POUH domains (amino
acids 186-229) of HNF1â contains the nuclear localization
signal (NLS;229KKMRRNRFK237) and is even longer than
that of HNF1R (by 26 residues) (Figure 1). The majority of
the linker is disordered, as also seen in the HNF1R structure
(15). Intrinsically disordered regions are highly abundant in
protein structures and frequently mediate protein-protein
interactions (39, 40). Transcription factors are no exception
(41), and the flexible linkers and unstructured C-terminal
transactivation domains are believed to mediate multiple
protein-protein interactions including the recruitment of

transcription coregulators. In HNF1R, this flexible linker is
necessary for interaction with CBP/p300 (42, 43).

DNA Recognition by HNF1â. We used the same synthetic
double-stranded DNA that corresponds to the consensus
motif for optimal binding by both HNF1R and HNF1â (31,
44, 45) and was used for HNF1R/DNA complex structure
determination (15). POUH and POUS domains of each
protomer bind the same face of DNA. The second protein
molecule binds in the same fashion to the opposite DNA
face and in the reverse orientation. The schematic drawing
of HNF1â-DNA interactions is shown in Figure 3.

The hallmarks of DNA-homeodomain and DNA-POUS

interactions are present in our structure (Figures 2 and 3).
Helix HR3 of the homeodomain is situated in the major
groove, oriented perpendicular to the long axis of the DNA.
Residues N302 and R304 within the conserved WFXNXR
motif of HR3 form bidentate contacts with adenine and the
DNA backbone atoms, respectively (46). Another hallmark
residue R235 in the N-terminal arm of the homeodomain
(47, 48) forms both base-specific and nonspecific DNA-
backbone hydrogen bonds within the minor groove (Figure
2B). Even though the exact details of the DNA binding mode
vary among different homeodomains (22), the signature
residue R235 always protrudes deep into the minor groove
and makes an extensive and nondiscriminatory hydrogen-
bonding network with the base and sugar atoms. R235 has
the dual function of DNA binding and serving as part of the
NLS, and it adopts a fixed conformation only upon DNA
binding, as shown by the comparison of the NMR structure
of free HNF1â homeodomain (PDB code 2DA6; unpub-
lished) and our crystal structure in complex with DNA
(Figure 2B). In HNF1â, these interactions are further
stabilized by the R232 residue, which makes additional
hydrogen bonds with DNA backbone atoms (Figures 2B and
3).

POUS domain sequences among POU transcription factor
family members vary far more than homeodomain sequences.
As a result, POUS-DNA interactions are more diverse
among the members and provide specificity in DNA target
recognition (12, 14). HNF1R and HNF1â are so divergent
that they were only recognized as POU transcription factors
once the crystal structure of HNF1R became available (15).
In HNF1â, the signature POUS-DNA interactions are also
observed. For example, highly conserved glutamines Q136
and Q147 (Figures 3 and 5B) create an intricate network of
hydrogen bonds with target adenine nucleotide and with each
other. Bidentate hydrogen bonds between the Q147 side
chain and adenine, a hallmark of POUS-DNA interactions,
are accepted from N6 and donated to N7, and Q136 forms
hydrogen bonds with the backbone phosphodiester oxygen
of the same base. These interactions are further stabilized
by the hydrogen bond between NE2 of Q147 and OE1 of
Q136, creating a characteristic three-way interaction (Figure
5B). Additional POUS-DNA interactions are distinct from
those made by Oct-1 and Pit-1, including unique base-
specific interactions with S142, N146, and S148 as well as
DNA backbone interactions with R137, N155, K156, and
K164 (Figure 3).

In comparison with HNF1R-DNA interactions (15),
HNF1â uses the same residues for base-specific DNA
recognition (Figure 3) to the same promoter we used for
crystallization. However, backbone recognition is slightly

FIGURE 4: Mapping of disease-causing mutations on the HNF1â
structure (upside-down view from Figure 2). Ribbon representation
of HNF1â is shown in pink (POUS) or red (POUH), and DNA is in
orange. Side chains of residues affected by diabetes-associated
missense mutations are displayed in green (predominantly affecting
DNA binding), purple (interdomain interactions), or light blue
(protein stability).
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different despite high sequence identity. The same residues
display a different mode of DNA backbone interactions. This
flexibility and versatility in backbone interactions could
account for different target gene selectivity between HNF1R
and HNF1â. Only a few water molecules have been

identified in the HNF1â/DNA complex structure due to the
modest resolution of the crystals.

Disease-Related Mutations.More than 30 disease-causing
mutations have been reported forHNF1â; they include
missense, nonsense, frameshift, insertion/deletions, and splice

FIGURE 5: Close-up views of each mutation and surrounding residues. The mutated residues are labeled in light blue, while the surrounding
residues are labeled in white. DNA bases that make sequence-specific interactions are also labeled in yellow. Ionic interactions and hydrogen
bonds are indicated by dotted lines. POUS is shown in pink, while POUH is shown in red.
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site mutations (24). Nonsense and frameshift mutations are
distributed sporadically throughout theHNF1â coding
sequence, while missense mutations and the encoded single
amino acid substitutions cluster strikingly within the DNA
binding domain (Figure 1A). Thirteen out of 16 point
(missense) mutations are found within the DNA binding
domain, and some of the mutations such as S148L/W,
K156E, K164Q, R165H, and R295H/P occur on the corre-
sponding residues in HNF1R, although with different amino
acid substitutions (Figure 1B). These point mutations are of
great interest because they can be quite instructive as site-
specific measures of protein structure and function. They
have been mapped onto the HNF1â structure (Figure 4), and
the atomic details of individual mutated residues (13 muta-
tions occur on 11 residues) and the surrounding residues are
displayed as ball-and-stick models in Figure 5.

The majority (seven out of 11 mutated residues) are located
at or near the DNA binding interface, and they are expected
to disrupt DNA interactions either directly or indirectly by
perturbing local environment (Figure 4). Among these, five
residues are directly involved in DNA recognition (Figure
3). S148L/W in the POUS domain are predicted to disrupt
base-specific hydrogen bonds with DNA, whereas cationic
side-chain/phosphate backbone interactions are disrupted by
Q136E, K156E, and K164Q substitutions in the POUS

domain and R295P/H substitutions in the POUH domain. All
disease-causing mutants exhibited altered DNA binding
ability to different degrees except A241T, which appears to
retain full DNA binding activity (Figure 6). A241 lies at the
fringe of the lining of hydrophobic residues that makes up
the core of POUH (Figure 5F), and a threonine residue can
be accommodated at this position. Thus, the A241T mutation
has a minimal effect on protein stability (Figure 7) and its
effect on transcriptional activity cannot be readily explained
(Figure 8). A possibility of interfering with proper recruit-
ment of coactivators cannot be ruled out (42, 49).

Two different mutations found at the adenine-recognizing
residue S148 within the POUS domain (Figure 5C) produce
different effects. The S148L mutant loses most of its DNA

binding activity, while the S148W mutant retain over 90%
DNA binding activity (Figure 6). It is possible that the
substituted Trp can still participate in interactions with the
adenine base, while the substituted leucine cannot. Trp
residues are often found to be involved in base-atom
recognition in many protein/DNA complex structures (50).
However, the S148W mutant has a drastically reduced
lifetime compared to wild type (Figure 7), and as a result, it
has very low transcriptional activity despite retention of DNA
binding (Figure 8). In HNF1R, the corresponding mutant,
S142F, was defective in DNA binding despite near-normal
protein expression levels (51).

R295H and R295P within the POUH domain also showed
a noticeable difference in DNA binding activity in which
R295H retained considerable DNA binding activity while
R295P lost the majority (Figure 6). This could be due to the
loss of the salt bridge with a DNA backbone atom and the
distortion of backbone torsion angles by R295P, while
R295H retains the salt bridge (but weaker due to lower pI
of the side chain) (Figure 5H). The lifetime of the R295H
mutant was comparable to that of wild type (Figure 7).
Furthermore, our data indicated that R295H still retained
around 50% overall transcriptional activity relative to wild
type (Figure 8). These results might indicate that there is a
relatively high threshold for sufficient transcription, or
alternatively, the activation level could be gene-specific and
the expression of essential genes is below the level needed
for proper development and function with the mutant. It has
been reported that the R295H mutant exhibited target-specific
effects of activation in which the transactivation potential
of R295H on theHNF4R promoter reached to wild-type
transactivation level, while transactivation of eitherAfp or
albuminpromoter by this mutant were barely detectable (49).
In other studies, the corresponding mutants R263C/L in

FIGURE 6: DNA binding assay. The amount of loaded protein
sample is shown in the top box (Coomassie blue staining). In the
main gel, the lower bands correspond to free DNA while the upper
bands represent the shifted HNF1â/DNA complex. Wild type (WT)
is shown in the second lane as a control, and R165H is missing
from the experiment due to an extremely low yield during
purification.

FIGURE 7: Lifetime of the HNF1â mutants compared with wild
type. HeLa cells were labeled with [35S]methonine/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 condi-
tions with polyclonal anti-HNF1â antibody and subjected to SDS-
PAGE followed by autoradiography.
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HNF1R showed greatly reduced DNA binding activity as a
result of these more drastic substitutions (52, 53).

Another notable DNA binding disrupter is S151P. Even
though S151 does not directly contact DNA, it forms a
hydrogen bond with the invariant residue Q147 as part of
the characteristic three-way interactions with adenine and
Q136 within the POUS domain (Figure 5C). Thus, we expect
that the S151P mutation should alter DNA binding by
influencing neighboring residues that directly contact DNA.
Indeed, no DNA binding was detected (weakest of all, Figure
6), and also a very short protein lifetime was observed
(Figure 7). It is believed that the local packing is disturbed
by the effect of the proline on backbone torsion angles. As
a result, the S151P mutant displayed the lowest overall
transcriptional activity in our studies (Figure 8), consistent
with the previous findings in which severe clinical pheno-
types and complete loss of DNA binding have been reported
(7, 54).

The remainingHNF1â mutations are predicted to affect
either POUS-POUH domain interactions or protein stability.
Interdomain interaction disruption is expected from the
R276Q substitution (Figures 4 and 5G). This mutation
interferes with the hydrogen bonds to H130 backbone
carbonyl oxygen across the interface as well as the salt bridge
to E272. Substitutions at this site noticeably diminished
transcriptional activity (Figure 8), despite little effect on
protein lifetime (Figure 7). The partial loss of DNA binding
activity (Figure 6) should account for the apparent phenotype.
It is remarkable that a subtle substitution at this strategic
position can have such significant impact on biology.

The HNF1â mutations in the final set are predicted to
disrupt protein folding or stability, which can lead to
accumulation of misfolded protein or premature degradation.
Some mutations such as V110G in the POUS domain,
potentially perturb the hydrophobic core, whereas R112P
disrupts the ionic interactions and backbone geometry critical
to POUS domain stability. V110 is located in the middle of
PR1 and participates in formation of the hydrophobic core
of the POUS domain, while R112 forms a set of salt bridges
with the neighboring residues E109 and E116 (Figure 5A).

Replacement by glycine and proline, respectively, is expected
to disrupt the hydrophobic core/neighboring ionic interactions
as well as the backbone geometry, decreasing protein
stability. These mutants showed substantially reduced lifetime
(Figure 7) and transcriptional activity (Figure 8). Another
mutant that affects protein lifetime is the R165H substitution.
R165 is a surface residue bridging two ends of the POUS

domain by forming a pair of hydrogen bonds between the
guanidinium group nitrogens and the backbone carbonyl
oxygens at either side (Figure 5E). This appears to be critical
for integrity and stability of HNF1â, as shown by the protein
lifetime (Figure 7) and transcription assays (Figure 8). As
such, despite repeated trials, we were not able to purify
detectable amount of R165H recombinant protein, and the
DNA binding could not be assessed. Similar findings were
made with the corresponding mutant R159Q inHNF1R (51,
55).

A cluster of basic residues at the N-terminus of the
homeodomain generally serves as an NLS (56). Internal
residues in HNF1R and HNF1â serve this purpose, as
demonstrated by the R200Q/W and R203C/H MODY
mutations inHNF1R (55, 57). No mutations within this
functional region are found inHNF1â, however. Thus,
HNF1â mutations appear to primarily affect DNA target
recognition including properly anchoring both domains for
optimal DNA recognition and protein stability. The observed
effects of all 13 mutations are summarized in Table 2.

In summary, structural studies of the HNF1â/DNA com-
plex reported here, together with the earlier-reported structure
of the HNF1R/DNA complex (15), have revealed the unique
features that distinguish these proteins from typical POU
transcription factors. In addition, our structures have shed
light on how subtle defects in molecular mechanisms can
result in severe clinical phenotypes. Although having dif-
ferent effects on DNA binding capacity, all 13 mutants
displayed significantly reduced overall transcriptional activ-
ity, indicating that theseHNF1â disease-causing mutations
impair organ development/function by a loss-of-function
mechanism. These effects on transcriptional activity could
be gene-specific or synergistic partner-dependent. It has been

FIGURE 8: Overall transcriptional activity by the mutants compared to wild type. CTL in the first lane refers to an empty vector, and all
data have been normalized against firefly/Renilla luciferase activity. Protein expression levels were assessed by Western blot and there is
a high degree of correlation between these in vivo expression levels and the findings from the protein lifetime assays (Figure 7). Actin, a
housekeeping gene product, was used as a loading control.
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reported that the effects on transcription of some of these
mutants, especially those that do not affect or only weakly
affect the DNA-binding activity, correlate with the loss of
association with the transcriptional coregulators such as CBP
or PCAF (49). Thus, even though the molecular bases of
the functional disruptions have been elucidated, other
mechanistic details that might be exploited for intervention
await additional studies. Structural and functional data
suggest that the key residues, including the mutational hot-
spot arginine residues in POUH (22), might be targeted for
small molecule or peptide development (58, 59) in order to
correct the defects in afflicted individuals or enhance the
pancreaticâ-cell function.
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