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Maturity-onset diabetes of the young, a monogenic form of Type
II diabetes mellitus, is most commonly caused by mutations in
hepatic nuclear factor 1a (HNF-1a). Here, the dimerization motif of
HNF-1a is shown to form an intermolecular four-helix bundle. One
face contains an antiparallel coiled coil whereas the other contains
splayed a-helices. The ‘‘mini-zipper’’ is complementary in structure
and symmetry to the top surface of a transcriptional coactivator
(dimerization cofactor of homeodomains). The bundle is destabi-
lized by a subset of mutations associated with maturity-onset
diabetes of the young. Impaired dimerization of a b-cell transcrip-
tion factor thus provides a molecular mechanism of metabolic
deregulation in diabetes mellitus.

diabetes mellitus u gene regulation u protein structure u NMR
spectroscopy u four-helix bundle

D iabetes mellitus (DM) is a heterogeneous group of diseases
characterized by hyperglycemia caused by impaired insulin

secretion or action. A general feature is pancreatic b-cell failure
resulting from either autoimmune destruction (Type I) (1) or
inadequate compensation for insulin demand (Type II) (2).
Monogenic forms of Type II DM [autosomal dominant syn-
dromes designated maturity-onset diabetes of the young
(MODY)] provide an opportunity to study mechanisms of b-cell
dysfunction (3). Genetic analyses (4, 5) have highlighted the
importance of a transcriptional cascade involving hepatic nu-
clear factors (HNFs) 1a, 1b, and 4. Despite the latter nomen-
clature, the MODY phenotype is restricted to the b cell, a site
of HNF expression. The b-cell HNF cascade regulates genes
required for glucose-stimulated insulin secretion (6, 7). The
genetic association between DM and transcriptional deregula-
tion had not been anticipated.

The most common form of MODY (subtype 3) is caused by
mutations in HNF-1a (4, 8–13). Such mutations—otherwise
rare in human populations—also occur in a subset of adults with
classic Type II DM (14) and in children carrying a clinical
diagnosis of Type I DM (15). HNF-1a is a modular protein
containing at least four functional regions: an N-terminal dimer-
ization domain, bipartite DNA-binding domain, and C-terminal
transcriptional activation region (16–19). The N-terminal do-
main, an autonomous module flexibly linked to the DNA-
binding domain (18, 19), also functions as a target of transcrip-
tional coactivator dimerization cofactor of homeodomains
(DCoH) (20–28). MODY-associated mutations occur in each
domain (4, 8–13). Representative mutations have been shown in
cell culture to attenuate HNF-1a-mediated transcriptional acti-
vation (13).

The present study focuses on the dimerization domain of
HNF-1a (29, 30). This domain, like dimerization motifs in other
transcription factors, coordinates recognition of an extended
DNA site (29) and is required in culture for the protein’s
gene-regulatory activity (13). An homologous motif occurs in
HNF-1b and mediates combinatorial homo- and heterodimer-
ization (31). Like the leucine zipper (LZ) (32, 33), the HNF-1

motif contains multiple leucines, forms a stable dimer, and
exhibits a two-state unfolding transition between folded dimer
and unfolded monomer (34). Unlike the LZ, however, the
peptide lacks a regular heptad repeat and does not form a
continuous coiled-coil (35). Qualitative characterization by
NMR, performed under acidic conditions, revealed an incom-
pletely ordered N-terminal strand followed by an a-helix-turn-
helix (35, 36). We present here the domain’s three-dimensional
structure and characterize thermodynamic effects of DM-
associated mutations. Our results define an antiparallel four-
helix bundle (4HB) and suggest that impaired dimerization of a
human b-cell transcription factor can cause DM.

Materials and Methods
Peptide Synthesis. Peptides were prepared by solid-phase synthe-
sis with continuous-f low 9-fluorenylmethoxycarbony1 chemis-
try. Syntheses were performed on the 0.1 mM scale; the resin was
split at intermediate steps to allow analogs to be synthesized.
Peptide resins were cleaved by trif luoroacetic acid in the pres-
ence of scavengers. After filtration, peptides were precipitated
with diethyl ether and were purified by reversed-phase high
performance liquid chromatography (RP-HPLC). The C termi-
nus was in each case amidated; a C-terminal tryptophan (Table
1) was added to facilitate measurement of peptide concentration
by ultraviolet (UV) absorbance. Norleucine (‘‘X’’ in Table 1) was
used instead of methionine. Fidelity of synthesis was assessed by
matrix-assisted laser-desorption ionization time-of-f light mass
spectrometry (MS); purity (.96%) was estimated by analytical
RP-HPLC. Dimerization was verified by analytical ultracentrif-
ugation. To facilitate crystallographic analysis, an analog was
prepared containing selenomethionine at position one.

1H-NMR Studies. Spectra were obtained at 25°C in 10 mM potas-
sium phosphate (pH 7.0 or pD 6.6, direct meter reading) and 50
mM KCl. The peptide concentration was 2 mM. Spectra in water
(10% D2O) were obtained in the absence of solvent presatura-
tion through the use of a WATERGATE-type pulse sequence
(37, 38). Sequential assignment (see supplemental material on
the PNAS web site, www.pnas.org) was obtained based on
two-dimensional NMR methods (39). Resonance line widths are
consistent with a dimeric molecular mass of 7 kDa; chemical
shifts are similar in the peptide concentration range 0.2–2.0 mM.
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NMR Structure Determination. Distance geometryysimulated an-
nealing (DGySA) calculations (see supplemental material;
ref. 40) were performed by using Insight II and X-PLOR
(http:yyxplor.csb.yale.edu) (Biosym Technologies, San Diego).
Initial calculations employed short- and medium-range helix-
related restraints and a subset of interprotomeric nuclear Over-
hauser enhancements (NOEs). The latter were defined as con-
tacts otherwise inconsistent with the secondary structure of a
protomer. Preliminary models enabled additional long-range
NOEs to be classified as intraprotomeric, dimer-related, or
ambiguous. NOEs between residues 9 and 19 (spanning helix 1)
indicated a dimer-related antiparallel contact (i.e., 9–199), as an
intraprotomeric 9–19 NOE would require a distorted a-helix
inconsistent with the restraints. Control models were calculated
with this or other assumptions, such as imposition of parallel or
antiparallel covalent disulfide-bridged tethers. The final model
employs 230 NOEs, 56 f restraints, and 24 hydrogen-bond
restraints per dimer. Root-mean-square deviations (rmsd) in the
dimer (residues 3–31 and 39–319) are 0.77 Å (main chain) and
1.28 Å (side chain) relative to the average coordinates.

X-Ray Crystallography. Crystals, grown by hanging dropyvapor
diffusion in 2 weeks, were flash-frozen at 100 K by using glycerol
as cryoprotectant. X-ray diffraction data to 1.9 Å resolution were
collected by using a Rigaku (Tokyo) x-ray generator and R-axis
IIC area-detector. Data are 97% complete with an Rsym of 6.5%.
The crystals belong to space group P4222 with unit-cell dimen-
sions a 5 b 5 42.787, c 5 29.128 Å. The volume of the unit cell
implies one molecule per asymmetric unit with 27% solvent
content. Multiple anomalous dispersion data were obtained at
Argonne National Laboratories (Advanced Photon Source beam
line 14D) using crystals of the selenomethionine peptide analog.

Circular Dichroism. Spectra were obtained by using an Aviv
Associates (Lakewood, NJ) spectropolarimeter. Peptide concen-
tration was 5–50 mM in NMR buffer (above) at pH 7.4 and 4°C.
Guanidine denaturation curves were obtained at 4°C by using an
automated titration unit; the peptide concentration was 50 mM
in the stock solution and 5 mM in the cuvette. Data were analyzed
by nonlinear least-squares curve fitting (41). Thermal melting
curves were obtained at 222 nm by using a thermister-controlled
sample chamber.

Mass Spectrometry. Matrix-assisted laser-desorption ionization
time-of-f light MS was carried out on a Voyager-DE instrument
(PerSeptive Biosystems, Framingham, MA) as described by the
vendor. Samples were air-dried on the plate and were run in
linear mode by using a 20-kV accelerating voltage. Insulin was
used as an external standard.

Modeling of DCoH-HNF-1a Complex. Modeling employed the IN-
SIGHTII package. The Ca atoms of HNF-1a residues 10–14 and
149–109 were respectively aligned with residues 53–49 and 499–
539 of subunits C and D of the crystallographic DCoH tetramer
(22–24). In this alignment, the two-fold symmetry axes of DCoH
and HNF-1a are superposed. No steric clash occurs between
DCoH (subunits A and B) and HNF-1a.

Results
Structure at Neutral pH. Studies focus on a 33-residue peptide at
pH 7.0 (Table 1). 1H-NMR spectra at pH 2.7 have been described
(35, 36). Acidic pH, which minimizes base-catalyzed exchange of
amide protons, was presumably chosen to maximize the intensity
of amide resonances after solvent presaturation. Reinvestigation
at pH 7.0 yields 1H-NMR spectra similar in chemical shift but
richer in density of interresidue NOEs. Resonance assignment is
consistent with previous findings (35). A single spin system is
observed for each residue, indicating that symmetry-related
environments in the dimer are maintained on the NMR time
scale. Secondary structural elements at pH 7.0 are similar to
those at pH 2.7 (35, 36): the domain contains a well defined
a-helix (residues 8–18), b-turn (residues 19–22), and second
a-helix (residues 23–29). The N-terminal segment (residues 1–7)
is not well ordered. Protected amide protons are observed in
each helix.

The structure was obtained by iterative DGySA (see Materials
and Methods). In brief, the protocol begins with elements of
secondary structure and then addresses their interrelation. The
overall symmetry follows from initial classification of selected
long-range NOEs spanning helix 1 (across the mini-zipper; see
below). The essential observation utilizes contacts between side
chains at opposite ends of this helix (e.g., between residues 9 and
199). Inconsistent with the pattern of contacts predicted between
ends of an a-helix, such NOEs are instead compatible with
adjoining antiparallel a-helices. Preliminary crystallographic
analysis of multiple anomalous dispersion data obtained from
crystals of a selenomethionine analog likewise suggests an
antiparallel dimer, which utilizes the crystallographic two-fold
axis. In successive DGySA models, essentially all interresidue
NOEs could be rationalized as either intraprotomeric, dimer-
related, or both. The latter were not included in the calculations.
Dimer-related NOEs occur between helix 1 and helix 19 and
elsewhere (residues 5–219, 9–199, 9–219, and 17–339). Contacts
between a-helices within a protomer include those between
residues 12–30, 14–23, 16–23, 17–22, 17–23, and 17–24. Repre-
sentative NOE spectroscopy spectra, diagonal NOE plot, re-
straint information, and statistical parameters are provided as
supplemental material.

Structures are shown in Fig. 1 A (ensemble) and B (ribbon);
for clarity, disordered N- and C-terminal residues are omitted.
An individual protomer, as extracted from the dimer, consists of
an acute helix-turn-helix (Fig. 1C). The angle between a-helices
is near 31 6 4°; the mean distance of closest approach between
helical axes is 7.3 Å. These values are typical of 4HBs containing
splayed a-helices (ref. 42; see Discussion). One face of the dimer
is dominated by the central a-helices (residues 8–18; Fig. 1D).
This interface contains four leucine side chains (L13, L17, and
symmetry-related residues; Fig. 1D) and may be considered as a
‘‘mini-leucine zipper’’ antiparallel in orientation. The opposite
face of the dimer is formed by skewed C-terminal a-helices (not
shown).

The structure of an ‘‘extracted monomer’’ is not physical as its
folding is coupled to dimerization (35). This model nonetheless
allows stepwise analysis of side-chain accessibilities in the pro-
tomer and dimer (see Fig. 7 in the supplemental material). A
subset of side chains is buried in the protomer’s helix–helix
interface (L12, L13, K23, I27, and L30). Integral to this interface
is the side chain of L12, a site of MODY mutation (highlighted
in red in Figs. 1 and 2). The least accessible side chain in the
protomer (fractional exposure 15 6 4 percent), L12 projects into
a pocket bounded by the side chains of L8, L13, I27, and L30. The
other site of MODY mutation (G20, also highlighted in red in
Figs. 1 and 2) is exposed in the central turn. The protomer’s
helix–helix interface (Fig. 2 A) contains two distinct surfaces
(Fig. 2B). A side view of these surfaces is shown in Fig. 2B

Table 1. Synthetic HNF-1a peptide sequences

Wild type (wt) XVSKL SQLQT ELLAA LLESG LSKEA LIQAL GEW

L12H XVSKL SQLQT EHLAA LLESG LSKEA LIQAL GEW

wt-KEK KEK XVSKL SQLQT ELLAA LLESG LSKEA LIQAL GEW

G20R-KEK KEK XVSKL SQLQT ELLAA LLESR LSKEA LIQAL GEW

X, norleucine. Inclusion of W33 (underlined in top sequence) does not alter
the domain’s CD helix content. Sites of substitution in analogs are underlined.
‘‘KEK’’ designates charged N-terminal extension.

2000 u www.pnas.org Hua et al.



relative to the symmetry-related protomer (gray ribbon). One
surface (L8, E11, L16, E18, L26, and L30; green in Fig. 2) is
exposed to solvent whereas the other (comprising the side chains
of L5, Q9, T10, L13, L17, L21, K23, E24 and Q28; blue)
constitutes the dimer interface. The flatness of the protomer is
striking. Dimerization allows 658 Å2 of mean surface area per
protomer to be buried. The dimer interface is nonpolar. The
methylene portions of the side chains of T10, K23, E24, and Q28
pack in or adjoin the interface whereas their polar or charged
functional groups are solvent exposed. These side chains exhibit
significant dimer-specific reductions in fractional solvent acces-
sibility. The side chain of L12, inaccessible within a protomer and
projecting away from the internal interface, is not buried further
in the dimer. The central b-turn is exposed on the surface of the
dimer. The side chain of I27 (a site of neutral polymorphism
I27L; magenta in Fig. 2) is shielded in part within the protomer
and in part within the dimer. The exposed surface of the dimer
contains a putative DCoH-binding site (Fig. 2B; see Discussion).

MODY Mutations Destabilize the 4HB. To test whether MODY
mutations impair dimerization, analogs were prepared contain-
ing substitutions L12H or G20R (Table 1; ref. 14). The solubility
of the L12H analog was indistinguishable from that of the native
dimer whereas G20R impairs solubility. Solubility of the G20R
analog was restored by addition of a charged N-terminal exten-
sion to the disordered N terminus (Table 1). This extension has
no significant effect on the native CD spectrum (Fig. 3 A and B)
or stability (Table 2).

CD spectra of the homodimeric analogs at 4°C are similar to
those of the native dimer (Fig. 3 A and B), demonstrating that
neither substitution precludes formation of a-helices. The vari-
ant structures nonetheless exhibit decreased thermal and ther-
modynamic stabilities (Fig. 3 C and D). Thermal unfolding

studies (monitored at a helix-sensitive wavelength) demonstrate
that the variant domains exhibit decreased thermal stability.
Guanidine unfolding transitions, in each case consistent with a
two-state process (34), demonstrate that the variant peptides
exhibit significantly reduced thermodynamic stabilities (Table
2): DDG values are 3.7 6 0.3 kcalymol (L12H) and 4.6 6 0.4
kcalymol (G20R). Because dimerization and peptide folding are
coupled, these observations imply that dimerization is in each
case weakened by at least 300-fold. These data do not address the
relative stabilities of heterodimers comprised of native and
variant subunits.

Discussion
The goal of the present study was to determine the structure of
the HNF-1a dimerization domain and to test whether MODY
mutations destabilize this structure. Our results define an anti-
parallel “mini-zipper” within a 4HB and characterize structural
sites of mutation. In addition, the symmetry of the domain
immediately suggests how it may bind transcriptional coactivator
DCoH. These implications are discussed in turn.

Structure Reconciles Cross-Linking Paradox. A previous study of the
HNF-1a domain employed C-terminal GGC extensions to probe
the symmetry of the dimer. This approach was motivated by
studies of the LZ (33). Because the LZ consists of a parallel
coiled coil, C-terminal cysteines adjoin and readily oxidize to
form an intermolecular disulfide (33). Similar results were
obtained with N-terminal CGG extensions. The LZ’s parallel
orientation precludes formation of antiparallel covalent dimers.

An analogous C-terminal-GGC-extended HNF-1a peptide
has likewise been shown to form a covalent dimer (36). Because
its 1H-NMR spectrum was similar to that of the native (nonco-
valent) dimer (36), such cross-linking suggested—by analogy to

Fig. 1. Structure of HNF-1a dimerization domain (stereo panels). (A) Ensemble of 14 main-chain structures. One protomer is shown in red and the other in blue.
Ensemble was aligned according to main-chain atoms of residues 8–18 and 23–30. The dimer-related ensemble was positioned according to the mean orientation
of the two protomers as obtained in dimeric DGySA models. (B) Ribbon model of one dimer oriented as in A. (C) Ensemble of protomers showing selected side
chains. MODY-associated sites of mutation L12 and G20 are highlighted in red. Ensemble was aligned according to main-chain atoms of residues 8–18 and 22–29.
(D) Structure of dimer interface (‘‘mini-zipper’’) comprising residues 9–18 and 189-99 (a-helix 1 and 19). L12 is highlighted in red. Ensemble was aligned according
to the main-chain atoms of residues 9–18.
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the LZ—that the orientation of the HNF-1a dimer is parallel.
This conclusion is inconsistent with the present structure. The
discrepancy is reconciled by inspection of distances between
peptide termini. Respective C termini are positioned on the
same face of the structure. Their proximity (the 33-Cay339-Ca

distance is 16 6 1 Å) enables interposition of a covalent
GGC-disulfide-CGG tether (maximal length , 19 Å). Such
accommodation is unrelated to the antiparallel orientation of
the mini-zipper. Because the logic of LZ cross linking (33) is
rigorous only for an extended structure (and does not generalize
to globular domains), the previous conclusion (36) is not com-
pelling. We note in passing that the distance between N termini
of the HNF-1a dimer, although not well defined in the ensemble,
is usually is too large (1-Cay19-Ca 40 6 5 Å) to allow bridging
by N-terminal CGG extensions. As predicted, the yield of such
covalent dimers is negligible under mildly oxidizing conditions
(M.Z. and M.A.W., unpublished results).

The HNF-1a Domain Differs from Classic Bundles. 4HBs are ubiqui-
tous among protein structures (42, 43) and have been extensively
investigated by mutagenesis and design (44–48). Two classes of
4HBs are recognized (see Fig. 8 in the supplemental material).
The first, based on the coiled coil, is illustrated by repressor of
primer (Rop). Rop consists of a dimer of coiled coils (49).

Adjoining helices in the protomer and dimer are antiparallel and
remain in contiguity by means of superhelical twisting. This
requires a repeat of 3.5 residues per helical turn (rather than 3.6
as ordinarily occurs in an a-helix) and is associated with a heptad
sequence repeat. The angle between helices is close to 20°, as
originally proposed by Crick (50).

The second class of 4HBs is exemplified by cytochrome b562
(51). Its helices do not bend or supercoil and hence diverge. The
helical repeat is 3.6 residues per turn, incommensurate with a
heptad repeat (42). Splaying of helices can allow binding of
ligands in a pocket adjoining the hydrophobic core. The up-
down-up-down topology of cytochrome b562 is characterized by
antiparallel packing of helices adjacent in the sequence. Because
loops in other proteins may be of variable length, antiparallel
interactions can occur between helices not contiguous in se-
quence. An example is provided by the up-up-down-down to-
pology of the cytokine family (52).

The HNF-1a dimerization domain exhibits features of both
classes of 4HBs. On the one hand, helix 1 forms an antiparallel
‘‘mini-zipper’’ in which dimer-related helices remain in contigu-
ity throughout their length. On the other hand, the C-terminal
helices are splayed, reminiscent of cytochrome b562 and anal-
ogous Class II structures. Thus, the structure in its entirety does
not conform to either class. Whether the helices in the HNF-1a
domain exhibit 3.5 or 3.6 residues per turn awaits determination
of a high-resolution crystal structure.

A parallel 4HB occurs in the bHLH family of transcription
factors (53–55). This structure contains large interhelical angles,
which are more typically associated with non-4HB globular
proteins. Long loops permit displacement of the second helix

Fig. 2. (A) Upper and lower surfaces of helix-turn-helix protomer. Shown is
a stereo pair showing side chains in the helix–helix interface (arrow): upper
surface (residues 8, 11, 16, 26, and 30; green) and lower surface (residues 5, 9,
13, 17, 21, 23, 24; blue). The side chain of L12 (red) is buried in this interface.
I27 is shown in magenta. The position of G20 Ca is shown as a red sphere. The
main chain is shown in gray; carbonyl oxygens are omitted. (B) Stereo pair
showing structure of one protomer relative to the other (gray ribbon). The
coloring scheme is as in A. One surface of the protomer forms an internal
dimeric interface whereas the other is predicted to bind to DCoH. Residues 7
and 29 (gray) belong to neither vertical surface. The view is rotated by 90° from
that in A.

Fig. 3. CD spectra of analogs probing effects of MODY variants. (A) Com-
parison of far-UV CD spectra of wild-type and L12H peptides. (B) Comparison
of far-UV CD spectra of KEK-extended native and G20R peptides. (C) Compar-
ison of guanidine unfolding curves. (D) Thermal melting curves as monitored
at 222 nm. Spectra in each panel were obtained at 4°C. For clarity, KEK native
controls are omitted in C and D; their unfolding curves are essentially identical
to those of the native peptide.

Table 2. Synthetic HNF-1a peptides’ thermodynamic stabilities

Peptide DGu (H2O) Peptide DGu (H2O)

Wild type (wt) 12.0 6 0.1 L12H 8.3 6 0.2
wt-KEK 11.8 6 0.1 G20R-KEK 7.2 6 0.3

DGu values (kcal/mol) were extrapolated to zero denaturant concentration
at a 1 M standard-state peptide concentration. ‘‘KEK’’ designates N-terminal
extension (see Table 1).
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within a parallel dimer. Divergent N-terminal helices extend to
form basic arms whose folding is coupled to DNA binding. By
orienting the arms, the symmetry of this motif is integral to the
mechanism of bHLH-DNA recognition. By contrast, the sym-
metry of the HNF-1a dimer is unrelated to DNA binding:
‘‘domain swap’’ experiments established that the HNF-1a do-
main may be replaced by either a parallel LZ or antiparallel 4HB
(Rop) without change in the protein’s DNA-binding properties
(19). The lack of relationship between the symmetry of the
HNF-1a dimer and DNA binding reflects the flexibility of the
linker connecting the dimerization domain (residues 1–32) to the
DNA-binding domain (residues 97–280).

The Symmetry of the HNF-1a 4HB Matches that of the DCoH Saddle.
The dimerization domain of HNF-1a mediates binding of DCoH
(20, 21, 26). Although not known to be a site of mutation in DM,
DCoH functions as an HNF-1-specific transcriptional coactiva-
tor: a bridge between HNF-1a and a preinitiation complex (25).
[DCoH is also a pterin-4a-carbinolamine dehydratase, but this
activity is not required for either HNF-1a binding or transcrip-
tional activation (27, 28).] The crystal structure of DCoH has
been determined as a dimer of dimers (Fig. 4A; refs. 22–24). The
tetramer does not bind HNF-1a, presumably because its binding
surface is occluded. The functional dimer is saddle-shaped
(green in Fig. 4A) but, unlike the TATA-binding protein, does
not bind DNA. A seeming paradox was posed by the incongruity
between the symmetry of the DCoH dimer (antiparallel) (22–24)
and the parallel model of the HNF-1a dimerization domain
previously proposed (36). Such incongruity, precluding align-
ment of respective symmetry axes, implied an asymmetric mech-
anism of protein–protein recognition (24).

The symmetry of the present structure resolves this paradox
and immediately suggests a model of the HNF-1ayDCoH
complex (Fig. 4). Just as the symmetry of DCoH is exploited in

the crystallographic tetramer [in which a-helices pack atop the
saddle with dihedral symmetry to form an intermolecular 4HB
(Fig. 4B Upper)], we suggest an analogous mode of
DCoHyHNF-1a recognition. In particular, alignment of respec-
tive symmetry axes predicts that HNF-1a’s mini-zipper sits atop
the saddle to form an analogous intermolecular 4HB (Fig. 4B
Lower; supplemental material).

MODY Mutations Highlight Specific Features of the Motif. Residues
12 and 20 occupy unique positions in the structure of the
HNF-1a domain. The side chain of L12 projects into a well
ordered pocket within the protomer. The size and shape of this
pocket are commensurate with that of leucine. Modeling sug-
gests that the side chain of histidine can be accommodated with
only local adjustments. Because of the flatness of the ring,
however, the variant structure is predicted to exhibit packing
defects. In addition, insertion of histidine in the nonpolar pocket
may be less favorable because of the polar character of the
imidazole ring. Invariance of leucine at position 12 is likely to be
enjoined by a combination of shape, size, and electrostatic
selectivity within this pocket. It is of future interest to investigate
a variety of substitutions in the pocket as probes of the motif’s
architectural requirements. Whether such substitutions can alter
tertiary structure will be addressed by comparative NMR or
crystallographic studies.

Understanding the instability of the G20R domain will require
a high-resolution analysis of analogs. Modeling suggests that an
R20 side chain would project from the surface of the protomer,
solvating the charged guanidinium group. Why this would be
destabilizing is not clear. Among 4HB proteins, the sequences of
turns are not well conserved and can accommodate diverse
substitutions (56). Although destabilizing mutations in turns
occur (57, 58), the predominant role of helical residues in
determining structure has been demonstrated in cytochrome
b562 (56) and in model peptides (59, 60). Because glycine is
invariant at position 20, it is possible that its substitution leads
to a global change in tertiary structure. Such a perturbation can
in principle reflect an aberrant interaction by the R20 side chain;
i.e., the absence of the variant side chain disallows an otherwise
competing fold. A second possibility is unrelated to arginine: the
helix-turn-helix structure may be unable to accommodate main-
chain (f, c) dihedral angles in the L region of the Ramachandran
plot, independent of the identity of the L-amino acid. The
configuration of G20 is not well defined in the present ensemble.

In summary, the HNF-1a dimerization domain has been
shown to be a member of the 4HB superfamily, containing
features of both Class I and Class II motifs. Its symmetry is
antiparallel and thus matches that of transcriptional coactivator
DCoH. MODY mutations in HNF-1a significantly weaken
dimerization, a finding that rationalizes loss of HNF-1a-
dependent transcriptional activation in cell culture (13).
Impaired dimerization of a b-cell transcription factor provides
a mechanism of metabolic deregulation in a monogenic form
of DM.
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