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Restricted leucine zipper dimerization
and specificity of DNA recognition
of the melanocyte master regulator MITF

Vivian Pogenberg,1 Margrét H Ögmundsdóttir,2 Kristı́n Bergsteinsdóttir,2 Alexander Schepsky,2

Bengt Phung,2,3 Viktor Deineko,1 Morlin Milewski,1 Eirı́kur Steingrı́msson,2,4

and Matthias Wilmanns1,4

1European Molecular Biology Laboratory, Hamburg Unit, 22603 Hamburg, Germany; 2Department of Biochemistry and
Molecular Biology, BioMedical Center, University of Iceland, 101 Reykjavik, Iceland; 3Experimental Clinical Chemistry, Lund
University, Malmö University Hospital, SE-205 02 Malmö, Sweden

Microphthalmia-associated transcription factor (MITF) is a master regulator of melanocyte development and an
important oncogene in melanoma. MITF heterodimeric assembly with related basic helix–loop–helix leucine
zipper transcription factors is highly restricted, and its binding profile to cognate DNA sequences is distinct. Here,
we determined the crystal structure of MITF in its apo conformation and in the presence of two related DNA
response elements, the E-box and M-box. In addition, we investigated mouse and human Mitf mutations to dissect
the functional significance of structural features. Owing to an unusual three-residue shift in the leucine zipper
register, the MITF homodimer shows a marked kink in one of the two zipper helices to allow an out-of-register
assembly. Removal of this insertion relieves restricted heterodimerization by MITF and permits assembly with
the transcription factor MAX. Binding of MITF to the M-box motif is mediated by an unusual nonpolar interaction
by Ile212, a residue that is mutated in mice and humans with Waardenburg syndrome. As several related
transcription factors have low affinity for the M-box sequence, our analysis unravels how these proteins
discriminate between similar target sequences. Our data provide a rational basis for targeting MITF in the
treatment of important hereditary diseases and cancer.
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The microphthalmia-associated transcription factor
(MITF) is a member of the basic helix–loop–helix zipper
(bHLHZip) transcription factor protein family. MITF
functions as a master regulator in melanocytes and is
essential for melanocyte development, survival, and
differentiation (Cheli et al. 2009). It also has crucial roles
in osteoclasts, mast cells, the retinal pigment epithelium,
and stem cells of the hair bulge (Steingrimsson et al. 2004;
Nishimura et al. 2005). Mutations in the Mitf gene have
been found in various species, ranging from zebrafish to
humans (Steingrimsson et al. 2004). In mice, there are >30
different alleles that can be ranked according to the
severity of their phenotypes (Steingrimsson et al. 2004).
The most severe allele—the Mitfmi mutation (R217del)—
results in premature death, whereas the mildest allele—

Mitf mi-spotted (Mitf mi-sp)—lacks an 18-base-pair (bp) exon
equivalent to residues 187–192 and does not lead to a
visible phenotype in homozygous mice. However, when
combined with other mutations at the locus, it results in
enhanced spotting (Steingrimsson et al. 2004). The
Mitf Mi-White (Mitf Mi-Wh) mutation, in which Ile212 is
replaced by an asparagine, exhibits a particularly inter-
esting phenotype and shows interallelic complementa-
tion (Steingrimsson 2010). In humans, MITF mutations
result in two related pigmentation and deafness syn-
dromes: Waardenburg type 2A (WS2A) and Tietz syn-
dromes (Pingault et al. 2010).

Importantly, recent evidence shows that MITF plays a
crucial role in the development of melanoma. Mitf has
been proposed to act as a lineage survival oncogene
(Garraway et al. 2005) that acts downstream from the
BRAF pathway (Wellbrock et al. 2008), which is a major
target of melanoma therapy. An activating germline
mutation in Mitf has recently been described in a small
fraction of melanoma patients (Bertolotto et al. 2011;
Yokoyama et al. 2011). Furthermore, Mitf has been proposed
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to act as a rheostat in melanoma, mediating a switch from
proliferating tumor cells to quiescent migrating cells
(Carreira et al. 2006).

At the molecular level, MITF is closely related to the
TFE family of bHLHZip transcription factors, which
includes TFEB, TFEC, and TFE3. MITF binds DNA as
both a homodimer and a heterodimer with each of the
TFE proteins (Hemesath et al. 1994). In contrast, MITF
does not form heterodimers with other bHLHZip proteins
such as MYC, MAX, or USF (Hemesath et al. 1994),
despite a common ability to bind to the palindromic
CACGTG E-box motif through a highly conserved set of
basic residues in their DNA-binding regions. These
observations suggest that MITF and the TFE proteins
form a distinct bHLHZip protein subfamily, but how they
restrict their dimerization potential has remained enig-
matic. Unlike other bHLHZip transcription factors,
MITF also binds to the asymmetric TCATGTG M-box
sequence, which includes an additional 59 end flanking
thymidine (Aksan and Goding 1998).

Here, we characterized the DNA-binding and dimer-
ization specificities of MITF by structural and functional
analyses. We show that, unlike other known bHLHZip
transcription factors, the heptad repeat register of the
leucine zipper is broken by a three-residue insertion that
generates a marked kink in one of the two zipper helices.
We demonstrate that this insert limits the ability of MITF
to dimerize only with those related bHLHZip transcrip-
tion factors that contain the same type of insertion. In
the MITF DNA-binding domain, we detected a crucial
nonpolar side chain interaction between Ile212 and the
M-box motif, which is not observed in the similar MITF/
E-box complex or in DNA complexes of the related
bHLHZip transcription factors MYC, MAD, and MAX.
For the MITF I212N mutant, we detected a substantial
increase in nonspecific DNA binding and a concomitant
reduction in specific M-box binding. Taking our data
together, MITF shows unexpected and unusual structural
features in terms of its mechanism for homodimeric and
heterodimeric protein assembly and a delicate balance
between specific and nonspecific DNA interactions.
These features explain its distinct role as a master tran-
scription factor.

Results

Purification and X-ray structure determination

For structural and functional analyses, we used the
central part of the mouse MITF protein (residues 180–
296) that includes the DNA-binding region followed by
the dimerization-promoting leucine zipper region. This
protein, which we refer to as MITF+, and the alternatively
spliced version MITF� (lacking residues 187–192) were
purified separately. We quantitatively determined the
binding affinities of these MITF fragments to 16-bp
oligonucleotides encompassing the E-box or M-box mo-
tifs (Fig. 1A) by isothermal titration calorimetry (ITC).
They bind to both motifs with similar dissociation
constants (KD) of 2–5 nM (Supplemental Fig. S1; Table
1; Supplemental Table S1), but the MITF� variant binds

with slightly less affinity to both the E-box and the
M-box. This finding is in agreement with previous elec-
trophoretic mobility shift assay (EMSA) data (Hemesath
et al. 1994) and indicates a moderate modulation of the
specific DNA-binding affinity of the two forms. Binding
of MITF to a synthetic random oligonucleotide was at
least two orders of magnitude weaker than to the E-box
and M-box (Fig. 1A; Table 1). Furthermore, the binding
affinity for random genomic DNA fragments extracted
from herring sperm was similar to that of the synthetic
random oligonucleotide (Table 1).

We determined the crystal structures of three versions
of MITF (Fig. 1B; Supplemental Table S2): (1) the apo
structure at 1.95 Å resolution using a version of MITF
that lacks part of the basic region (residues 217–296), with
experimental phases from a selenomethionine-substituted
version of the protein; (2) the structure of the MITF/E-box
complex at 2.95 Å resolution; and (3) the structure of the
MITF/M-box complex at 2.60 Å resolution. For the two
latter structures, we used the MITF+ construct encompass-
ing the complete DNA-binding region (residues 180–296)
and used the apo structure as a template to obtain a
molecular replacement solution. In all three structures,
MITF forms a leucine zipper-mediated homodimer, dem-
onstrating that MITF self-assembly does not depend on
bound DNA. In the two MITF/DNA complexes, the pro-
tein E-box- and M-box-binding sites and corresponding
oligonucleotides are entirely defined. The overall DNA

Figure 1. Structural characterization of the MITF DNA-bind-
ing and assembly region. (A) DNA oligonucleotide sequences
used were E-box, M-box, and random sequence. Central E-box
and M-box motifs are in yellow, and bases in positions �4 and
�1 that are different in the M-box/E-box are highlighted in
orange in the M-box motif. (B) Crystal structures of MITF in the
absence of DNA (apo conformation) and in the presence of 16-bp
oligonucleotides covering the E-box and M-box response motifs.
Proteins are shown in cartoon representation, and DNA is
illustrated in hybrid cartoon/surface representation. Missing
protein loop regions are shown by dotted lines.. The MITF
dimer is cyan and green. (Left panel) In the MITF apo structure,
residues 260 to the C terminus of the visible sequence from one
of the two protomers are blue to indicate the presence of the
kink observed in the apo structure at residue 259, and DNA is in
gray. Structural segments are indicated. (BR) Basic region. The N
and C termini of MITF are labeled. E-box and M-box elements
are colored as in A.
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curvature in MITF/M-box and MITF/E-box is 20.5° and
18.5°, respectively, indicating that the presence of MITF
does not lead to major bending of DNA. The MITF region
N-terminal to the DNA-binding segment (residues 180–
205), which includes the six-residue insert sequence (res-
idues 187–192) that is lacking in the alternatively spliced
MITF� variant (Hemesath et al. 1994), and the C-terminal
part of the leucine zipper segment (residues 276–296)
remained invisible in the final electron density (Supple-
mental Table S2). For this reason and because of the
superior resolution of the respective diffraction data, we
used the MITF apo structure for further analysis of its
overall architecture. This knowledge of the MITF struc-
ture has allowed all known MITF mutations to be mapped
onto its three-dimensional topography and the respective
structural/functional relationships to be interpreted (Sup-
plemental Fig. S2; Supplemental Table S3).

MITF dimeric assembly by a kinked leucine zipper

The structural organization of the DNA-binding region of
MITF and the adjacent HLH motif consisting largely of
two a helices is similar to that observed in other
bHLHZip transcription factors (Jones 2004). The N-ter-
minal part of the first extended a helix (residues 208–230)
constitutes the basic region and provides most of the
specific DNA major groove contacts (Fig. 1B). The fol-
lowing HLH domain is composed of the C-terminal part
of the first helix and the N-terminal part of the second

helix, separated by a long loop (residues 231–243). By
forming a four-helical bundle motif comprising two MITF
protomers with several side chain-specific hydrogen bond
interactions, the HLH domain constitutes a core part of
the homodimeric protein/protein interface in MITF,
which is virtually identical in all three MITF structures.

In contrast, the leucine zipper of MITF differs from
other bHLHZip proteins characterized to date. Rather
than extending from the second HLH helix, in one of the
two MITF protomers, this helix (a2a) terminates after the
first recognizable heptad repeat of the zipper region,
referred to as repeat 0 (residues 243–258) (Figs. 2, 3).
Within this heptad, we observed a twofold repeated
intermolecular hydrogen bond cluster, established by
the side chains of Tyr253 and Gln258 and the main chain
carbonyl group of residue 230 from the C terminus of the
first DNA-binding helix (Fig. 2). A third 10-turn a helix,
a2b, covering the remaining heptad repeats I–V (260–294),
follows a marked kink at Arg259–Gln261 (Supplemental
Table S4). In contrast, the second MITF protomer consists
of one long helix, a29, with almost 15 turns (residues 243–
294). Within the region of the kink, the established
pattern of regular leucine zipper interactions is missing,
inducing a hole with a volume of ;300 Å3. The hole is
filled with total of seven ordered solvent molecules (Fig.
2; Supplemental Fig. S3). In the two MITF/DNA com-
plexes, the limit of the visible part of the leucine zipper is
within the kink area observed in the apo MITF structures,
thus not allowing further structural interpretation of the

Table 1. Quantitative determination of DNA-binding affinities of MITF variants, measured as KD (nanomolar)

DNA M-box E-box Synthetic random Random sperm DNA fragments

Wild type+ 2.5 6 0.5 1.7 6 0.2 4.9 6 0.4 3 102 6.9 6 0.4 3 102

Wild type� 5.0 6 0.2 2.0 6 0.2 3.6 6 0.6 3 102 4.6 6 0.5 3 102

I212N+ 6.4 6 1.0 2.6 6 0.2 1.5 6 0.2 3 102 3.1 6 0.2 3 102

I212N� 2.0 6 0.5 2.2 6 0.4 1.6 6 0.5 3 102 3.2 6 0.1 3 102

H209R+ 6.5 6 1.0 4.2 6 0.2 6.3 6 0.6 3 10 1.4 6 0.1 3 102

I212M+ 6.3 6 0.7 2.7 6 0.5 4.2 6 0.6 3 102 3.8 6 0.5 3 102

I212L+ 8.8 6 1.5 2.8 6 0.3 1.3 6 0.1 3 103 4.6 6 0.5 3 102

I212V+ 2.7 6 0.9 3.6 6 1.2 4.9 6 0.9 3 102 3.7 6 0.7 3 102

Figure 2. Molecular basis of the out-of-register leucine
zipper assembly in MITF. The structural data presented
here were obtained from the apo structure. (Left) MITF
zipper segments, highlighting specific leucine zipper
interactions (for further details, see Supplemental Fig.
S4). (Right) Zoom into the interrupted zipper region in
which the zipper helix of one of the two MITF proto-
mers is kinked (helices a2a and a2b), whereas the helix
of the second protomer is uninterrupted (a29). The
hydrogen bond network below the helix zipper break
is indicated and is structurally conserved in all three
MITF structures. Because of the asymmetric arrange-
ment within the kink region, a hole is generated in the
dimeric MITF interface, indicated by an arrow. Color
codes are as in Figure 1. For reasons of clarity, we used
the one-letter code to label specific residues in this and
subsequent figures, whereas throughout the text the
three-letter code has been used, except for mutations.
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mechanism described to compensate for the out-of-regis-
ter sequence found in MITF. Therefore, based on the
available structural data, we cannot rule out that there
may be alternative structural mechanisms, unobserved to
date.

As in other bHLHZip transcription factors, we found
several specific hydrogen bonds in the heptads following
the kink region that connect the two MITF protomers
in the leucine zipper (Fig. 2; Supplemental Fig. S4). One of
the most prominent interactions is between the symmet-
ric-related side chains of Asn278 from the two MITF
protomers in position a from heptad III. Interestingly, an
isosteric mutation of this asparagine into an aspartate has
been observed in WS2A patients, pointing to a failure in
specific leucine zipper interactions and hence defects in
cognate DNA binding as an underlying cause of WS2A
(Tassabehji et al. 1995). To verify these assumptions, we
created the same MITF mutation N278D. In contrast to
the wild-type protein, the mutant could not be expressed
as soluble protein (Supplemental Fig. S5A). In addition,
MITF (N278D) showed largely impaired binding to DNA
(Supplemental Fig. S5B), in agreement with our structural
observations.

An unusual out-of-register leucine zipper restricts
MITF assembly partners

Sequence alignment of canonical bHLHZip transcription
factors comprising an uninterrupted HLH-leucine zipper
segment such as MYC, MAX, and MAD reveals that
heptad repeats I–IV are out of register by three residues
compared with MITF and other TFE family members (Fig.
3). Hence, it is not surprising that specific interactions
within heptad repeat 0 are conserved in MITF and other
bHLHZip transcription factors, but further specific in-
teractions found in MITF heptad repeats I–IV are only
matched in other TFE family members.

To test the role of this insert in MITF assembly, we
created two MITF constructs in which we deleted three
residues separating heptad 0 from the remaining zipper
heptad repeats: MITF (D260–262) and MITF (D263–265).
These MITF mutants are expected to have the leucine
zipper in the same register as canonical bHLHZip tran-
scription factors (Fig. 3, bottom panel). We used EMSA to
investigate whether these MITF mutants were able to
assemble with MAX. Both mutant proteins formed
MITF/MAX heterodimers when bound to the E-box,
whereas no heterodimeric assembly was detected be-
tween wild-type MITF and MAX (Fig. 4A). Furthermore,
as no heterodimerization was observed when the three
insert residues were mutated to alanine (MITF [E260A,
Q261A, and Q262A]), we conclude that the three-residue
shift of the leucine zipper in wild-type MITF is crucial for
limiting its ability for heterodimerization with bHLHZip
transcription factors of the TFE family. We also tested the
DNA-binding preferences of MITF (D260–262)/MAX and
MITF (D263–265)/MAX heterodimers, which indicated
that both bind only to the E-box but not the M-box motif
(Fig. 4A). This finding is in agreement with data showing
that MYC/MAX heterodimers and MAX homodimers
have reduced binding to DNA cognate sequences with
a flanking thymidine in the �4 position, which is a sig-
nature of the M-box motif (Bendall and Molloy 1994).

Distinct DNA interactions allow both E-box
and M-box recognition by MITF

Our two MITF structures in complex with E-box and
M-box DNA elements reveal how single-base changes in
the cognate DNA motif lead to significant changes in
specific protein–DNA interactions (Fig. 5). For binding to
the palindromic E-box complex, the key base-specific in-
teractions mediated by His209, Glu213, and Arg217 largely
resemble those found in other bHLHZip transcription

Figure 3. Multiple sequence alignment of MITF, members of the TFE family (top part), and canonical bHLHZip transcription factors
(bottom part). MITF structural segments, secondary structural elements, and residue numbers are indicated above the alignment.
Heptad repeats I–IV, separated from the first heptad 0 by the three-residue insertion EQQ (highlighted in orange), are indicated below

the alignment. This insert, labeled as ‘‘INS,’’ is missing in the sequences of the canonical bHLHZip transcription factors. Residues that
are invariant and conserved among all sequences shown are marked with asterisks and colons, respectively. Conserved residues
involved in base-specific DNA interactions are light blue, MITF Ile212 and equivalent position in other sequences are dark gray when
conserved as isoleucine and are otherwise gray, heptad positions d that are conserved as leucines are pink, and the remaining
d positions are in light red. The level of sequence conservation is indicated in the line ‘‘Cons.’’: conserved (:) and invariant (*). Mitf
mouse phenotype and human disease mutations are boxed (cf. Supplemental Fig. S2). MITF residues experimentally investigated are
indicated with hash symbols.
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factor/DNA structures (Jones 2004). Arg217 is the only
residue that provides base-specific and symmetric in-
teractions with the two central base pairs at positions
�1 and +1. Interestingly, His209 from both protomers
binds to bases from the same strand in the �4 and +3
positions of the E-box motif. The remaining interactions
with the DNA phosphate backbone are less conserved in
both MITF protomers.

In the MITF/M-box complex, Glu213 interacts virtu-
ally in the same way as with the E-box motif. In contrast,
Arg217 is not involved in regular NH–O hydrogen bonds
with any bases of the E-box motif. Unlike our observa-
tions from the MITF/E-box complex, each His209 residue
from the two MITF protomers simultaneously interacts
with bases from positions �4/+3, as the imidazole ring of
this residue symmetrically points into the bottom of the
M-box major groove, becoming almost equidistant to
both DNA strands. Strikingly, the structural role of
Ile212 is distinct in the two MITF/DNA complexes: In
the MITF/E-box complex, Ile212 only loosely interacts

with the DNA backbone, whereas in the M-box complex,
its side chain directly faces the thymidine base from the
�4 position in the M-box motif.

MITF residues His209 and Ile212 are key determinants
for specific E-box/M-box recognition

To unravel the molecular parameters of the observed
MITF E-box/M-box specificity, we selected His209 and
Ile212 for further investigation, as both residues are
crucially involved in specific E-box/M-box interactions
(Fig. 5; Supplemental Fig. S2). Importantly, when these
residues are mutated in mice, the phenotype is severely
affected, resulting in coat color dilution in heterozygotes
and microphthalmia and complete absence of melanocytes
in homozygotes (Supplemental Table S3; Steingrimsson
et al. 2004). In ITC measurements, the binding affinity of
the MITF mutants H209R and I212N for the specific DNA
elements was significantly diminished, and this was more
pronounced for the M-box motif (;2.5-fold reduction) than
for the E-box motif (1.5-fold decrease for I212N, 2.5-fold
decrease for H209R). We also analyzed the MITF� splice
variant, which showed slightly decreased binding of wild-
type MITF� to both M-boxes and E-boxes but no signifi-
cant added effect for the MITF� (I212N) mutant (Table 1).

Notably, for both H209R and I212N MITF mutants, we
measured considerably increased binding to nonspecific
DNA, which was more pronounced for H209R (eightfold
increase) than for I212N (threefold increase) when compared
with wild-type MITF. As a result, the binding selectivity of
MITF to the M-box motif was reduced from >200-fold for
wild-type MITF to ;10-fold for H209R and 24-fold for the
I212N mutant (Fig. 6A). The effect was, however, signifi-
cantly smaller for the E-box motif: 15-fold for H209R and 60-
fold for I212N.

These changes in the specific DNA-binding profile of
M-box versus E-box motifs as well as the substantial
increase in nonspecific DNA binding observed were
supported by EMSA experiments, which were carried
out in the presence of defined levels of potential compet-
itor DNA (Fig. 6B). Binding of the I212N mutant to the
M-box was substantially impaired, whereas binding to
the E-box remained virtually unchanged. Thus, the struc-
ture of MITF and the results of the EMSA and ITC
experiments indicate that Ile212 plays a specific role in
the binding of MITF to the M-box.

In contrast, as His209 is intimately involved in in-
teractions with both the M-box and the E-box (Fig. 5), it is
not surprising that the H209R mutation has a strong
effect on both DNA sequence motifs. In EMSAs, the
H209R mutant showed reduced binding to both the
M-box and the E-box, which is, however, less pronounced
for the latter.

In the absence of competitor DNA, as defined by the
experimental conditions of the ITC measurements, the
decrease in M-box and E-box binding by both mutations,
I212N and H209R, was generally less pronounced. There-
fore, we argue that some of the effects that we observed in
the EMSA experiments are caused by tipping the balance
from specific to nonspecific DNA recognition.

Figure 4. The three-residue insert sequence in MITF deter-
mines the dimerization specificity of MITF. (A) EMSAs showing
the binding of MAX, MYC, MITF wild-type (wt), and MITF
mutant proteins to the E-box and M-box sequences. Homo-
dimers and heterodimers are indicated. MITF mutants used to
test homo/heterodimerization were MITF D263–265, remov-
ing three residues separating heptad 0 from the HLH domain;
and MITF D260–262, removing three residues of heptad 1 from
the leucine zipper. Supershifts with MITF- and MAX-specific
antibodies are indicated, confirming the specificity of the gel
shifts. (B) Western blot showing equal loading of the MITF (top

panel) and MAX (bottom panel) proteins; in the bottom panel,
the low faint bands represent MAX, whereas the top bands are
nonspecific.
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Ile212 is crucial for target gene specificity

More distantly related bHLHZip transcription factors—
such as MYC, MAX, and MAD—preferably bind to the
symmetric E-box sequence and show only residual binding
to the asymmetric M-box motif (Bendall and Molloy 1994;
Chen et al. 2008). Structures of these transcription factors
have consistently shown that the residue that is equiva-
lent to Ile212 of MITF is not involved in DNA recognition
(Ferre-D’Amare et al. 1993; Brownlie et al. 1997; Nair and
Burley 2003), explaining why amino acid exchanges at this
position do not have a significant impact on DNA binding.
In contrast, the basic domain sequences of all TFE proteins
are virtually identical to that of MITF, and, specifically, the
position equivalent to Ile212 in MITF is invariant (Fig. 3),
suggesting that the role of Ile212 is conserved in other
members of the TFE family.

To test the involvement of this residue in the DNA-
binding specificity of MITF to the M-box, we mutated
Ile212 of the MITF+ protein into those amino acids
present in the equivalent position in distantly related

bHLHZip proteins. In EMSA experiments, all mutant
MITF+ proteins, including I212L (present in MYC and
MAX), I212M (present in MAD), and I212V (present in
USF1), showed binding to the E-box similar to the wild-
type MITF+ protein (Fig. 6B). However, MITF+ proteins
carrying the I212L and I212M mutations showed severely
reduced binding to the M-box (Fig. 6B), whereas the MITF
protein carrying the I212V mutation resulted in binding
to the M-box similar to wild-type MITF. This observation
is consistent with previous evidence showing that USF1
binds to the M-box motif as well (Corre et al. 2004). When
bound to the M-box, valine in this residue position is
expected to form interactions with the M-box flanking
T-4 position comparable with wild-type MITF due to the
structurally conserved b-branched side chain. In contrast,
the side chains of leucine and methionine are expected to
lead to steric clashes because of their increased size. The
EMSA data are in agreement with quantitative ITC
measurements, which showed a significant diminish-
ment in binding affinity for the M-box element for two
MITF mutants (I212L, 2.5-fold reduction; I212M, 3.5-fold

Figure 5. MITF/DNA interactions with the M-box
(top panel) and E-box (bottom panel) motifs. (Left)
Schematic presentation, highlighting base-specific in-
teractions in bold and remaining hydrogen bond in-
teractions in regular characters. Hydrogen bonds are
indicated with dashed arrows. (Right) Zoom into spe-
cific protein/DNA interactions for each M-box/E-box
half-site, corresponding to respective boxes in the
schematic presentation in the panels to the left. To
indicate the relations, each of the panels are connected
by arrows and are labeled I and II. The residues that are
involved in specific hydrogen bonds are labeled. T-4 and
vis-à-vis Ile212 from the protomer of the MITF/M-box
complex are colored in yellow. Only those hydrogen
bonds recognized by the Pymol software (Schrödinger)
and with distances of <3.5 Å are indicated. For the sake
of clarity, protein hydrogen bonds with the phosphate
backbone of M-box/E-box motifs are not shown in the
panels to the right.
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reduction) compared with wild-type MITF, whereas the
MITF (I212V) mutant did not show any significant re-
duction (Table 1). The measured affinity changes are less
pronounced for the E-box element, thus confirming the
importance of the M-box-specific interactions by Ile212.
As predicted, none of these mutants, in contrast to I212N
and H209R, shows increased binding affinity to random
DNA, as no polar groups for additional nonspecific
hydrogen bond interactions with the DNA phosphate
backbone are offered.

Based on our structural data, we predicted that the target
gene specificity of Ile212 mutant MITF proteins would
depend on the presence of E-box or M-box sequences in the
promoter. To test this, we performed a transactivation (TA)
assay using a modified tyrosinase promoter containing two
M-box or E-box sequences and luciferase as a reporter (Fig.
6C). These constructs were transiently transfected into
human embryonic kidney (HEK293T) cells together with
constructs expressing wild-type MITF+ or I212N, I212V,

I212L, I212M, H209R, and R217del mutant proteins. All
mutant proteins except I212V resulted in almost complete
loss in activation from the M-box-containing tyrosinase
promoter (Fig. 6C). A more subtle decrease was observed
with the E-box-containing tyrosinase promoter, from
which the I212N, I212V, I212L, and I212M mutant pro-
teins showed significant TA, although all but I212V were
reduced in comparison with wild-type protein. Taking the
data together, this effect is consistent with the ITC and
EMSA results (Fig. 6B; Table 1).

Furthermore, we used HEK293T cells to test whether
the expression of target genes under the control of M-box-
type promoters was altered with the I212N mutation.
Quantitative PCR (qPCR) data from cells transiently
transfected with mutant I212N or wild-type MITF+ in-
deed showed an almost complete loss of expression of
TYR and MLANA, two well-established MITF target
genes involved in melanocyte differentiation (Cheli
et al. 2009), with the mutant protein (Fig. 6D). Neither

Figure 6. Residue Ile212 is crucial for binding of MITF to the M-box. (A) Ratio of binding dissociation constants of different MITF
variants to nonspecific DNA/M-box (orange) and nonspecific DNA/E-box (yellow) based on quantitative ITC experiments (Table 1).
Error bars correspond to standard deviations, taking into account error propagation, as described in the Materials and Methods. (B)
EMSAs showing altered M-box and E-box DNA binding of mutant MITF homodimer variants, as indicated. Supershifts with a MITF-
specific antibody are indicated, confirming the specificity of the gel shifts. Western blots show equal loading of the respective proteins.
(C) TA assays in HEK293T cells in which the same MITF mutants as in B were cotransfected together with TYR promoters containing
either two M-boxes (orange) or E-boxes (yellow) as reporter. Data are represented as the standard error of the mean (SEM); (*) P < 0.05
based on an unpaired two-sided t-test. Western blots show levels of wild-type (wt) and mutant MITF proteins. (D) HEK293T cells
transiently transfected with either MITF or MITF I212N were assayed for TYR, MLANA, and DCT expression (as control) by qPCR
using the same error analysis as in C. Western blots show levels of wild-type and mutant MITF proteins. As the expression level of the
MITF I212N mutant does not completely reach that of the wild-type protein, we consider the level of estimated amplification of
expression for TYR and MLANA as the upper limit.
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wild-type MITF nor MITF (I212N) was able to activate
DCT expression in these cells, in accordance with pre-
vious reports (Jiao et al. 2004). We conclude that Ile212 is
crucial for DNA-binding specificity and subsequently for
MITF target gene selection of M-box-type promoters.

Discussion

The structure of MITF reveals how its dimeric assembly
is mediated through a leucine zipper that contains a marked
kink in one of the two protomers. Such an out-of-register
sequence is without precedence in leucine zipper-mediated
transcription factor assemblies. In other functionally un-
related zipper-mediated proteins with coiled-coil assem-
blies, such breaks in leucine zippers are rare (Peters et al.
1996; Lupas and Gruber 2005), suggesting that the pecu-
liar zipper arrangement in MITF is driven by specific
functional requirements. Our data indeed explain the
selective heterodimerization observed between MITF
and the TFE transcription factor family members, as they
contain the same three-residue insert in the N-terminal
part of the leucine zipper (Fig. 3).

Comparison of the two MITF structures in the presence
of the M-box and E-box motifs reveals how the presence
of an isoleucine in position 212 allows and even favors
binding of the M-box motif by a specific interaction with
the thymidine base in position �4 (Fig. 5). This finding is
in agreement with an analysis of the promoter elements
of validated target genes (Supplemental Table S5; Cheli
et al. 2009) and is further supported by our analysis of
recent chromatin immunoprecipitation (ChIP) combined
with deep sequencing (ChIP-seq) data from melanoma
cells (Supplemental Table S6; Strub et al. 2011). Both
analyses consistently reveal considerable base prefer-
ences for M-box positions �4 and +4. The observation
that the presence of all other bases at these two positions
is permissible is in agreement with our structural data,
indicating that thymidine and adenine in the �4/+4
positions lead to gain of binding via additional specific
interactions as opposed to potential loss of binding by
replacement with other bases; e.g., by steric clashes.

Furthermore, our ITC data, supported by EMSAs, show
that both splice versions, MITF+/MITF�, of the I212N
mutant protein bind to the E-boxes and M-boxes with
high affinity (Supplemental Fig. S6A; Table 1). Thus, our
findings are in agreement with a study in mouse mast
cells showing that MITF (I212N) is capable of binding to
the E-box motif like the wild-type protein (Kim et al.
1999). However, our data are not consistent with the
original characterization of the I212N mutant, which
suggested that the alternative splice versions MITF+/
MITF� and the I212N mutation had a coupled effect on
the functional properties of MITF (Hemesath et al. 1994).
For further details, see Supplemental Figure S6.

Mice carrying the MitfMi-Wh (I212N) mutation are unique
in two respects. First, the mutation shows differential se-
verity in homozygous versus heterozygous conditions. Al-
though Mitf Mi-Wh homozygous mice are entirely devoid of
pigment, they show intermediate microphthalmia as op-
posed to the severe microphthalmia seen in loss-of-func-

tion Mitf mutations (Supplemental Fig. S7; Steingrimsson
2010). However, in heterozygous condition, MitfMi-Wh mice
show the most severe phenotype of all known Mitf muta-
tions: dilute coat color and a large belly spot (Supplemental
Fig. S7). Second, MitfMi-Wh is the only mutation at Mitf to
exhibit interallelic complementation. For example, when
crossed with the loss-of-function Mitfmi-vga9 mutation,
which exhibits severe microphthalmia in homozygous con-
dition, the resulting compound heterozygotes (Mitfmi-vga9/
MitfMi-Wh) have normal eye size (Supplemental Fig. S7).
Thus, reducing the MITFMi-Wh (I212N) dose by half im-
proves eye development. A systematic analysis has shown
that other mutations at Mitf are also complemented when
combined with MitfMi-Wh (Steingrimsson et al. 2003).

The genetic data have been interpreted in terms of the
acquisition of a neomorphic function that results in severe
effects in heterozygous mice (Steingrimsson 2010). Among
several molecular mechanisms proposed for such gain of
function of MITF (I212N), our data do not support the idea
that this is due to effects on dimerization properties of the
protein, as Ile212 is well separated from the leucine zipper
dimerization interface, and in our assays, the MITF (I212N)
mutant proteins form both homodimers and heterodimers
(Supplemental Fig. S6). Similarly, our data do not provide
evidence for binding to novel dimerization partners. How-
ever, our findings do support a third mechanism suggested,
which is erroneous binding to nonspecific, untargeted
DNA motifs (Steingrimsson 2010). Our structures of the
two MITF/DNA complexes reveal that in the I212N
mutant, the functional asparagine amido group could
reach potential hydrogen bond distances with at least
two phosphate groups at positions �4 and �5 from both
the M-box and E-box motifs (Supplemental Fig. S8). This
would in turn shift the balance from specific M-box/E-box
motifs toward an enhanced nonspecific DNA-binding
profile, in agreement with our ITC, EMSA, and TA data.
According to this model, the interallelic complementation
observed with MitfMi-Wh (I212N) is due to a reduction in
the deleterious effects of nonspecific DNA binding when
heterozygous with a loss-of-function mutation. Similarly,
this model explains the severe phenotype observed in
Mitf Mi-Wh (I212N) heterozygotes.

Replacement of His209 by an arginine would, like the
I212N mutation, allow an additional sequence-indepen-
dent interaction with position +3 (Supplemental Fig. S8).
As the side chain of an arginine is too bulky to preserve
the bidentate base-specific interactions observed for
His209 in the presence of the M-box motif (Fig. 5), the
bases of positions +2, +3, and +4 from the first strand and
positions �4 and �5 from the second strand would
potentially be in reach for additional hydrogen bonds.
Taken together, our experimental data and structural
predictions are in line with recent findings from various
transcriptomics analyses showing that a proper balance of
binding of transcription factors to specific cognate re-
sponse elements and a low level of binding to nonspecific,
untargeted DNA motifs is absolutely critical for their
proper functional readout (Pan et al. 2010).

A key future challenge will be to expand our mecha-
nistically based insight of the specific DNA-binding pro-
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file of MITF into an integrated view of the complete
protein and its ligands. Such studies should reveal cur-
rently unknown cross-talks and potential functional
cooperativity of the different parts of the protein and will
ultimately be needed to systematically target MITF for
therapeutic interventions.

Material and methods

MITF purification and crystallization

Three fragments from the Mus musculus Mitf cDNA (corre-
sponding to residues 180–296 with and without the six amino
acids corresponding to the splicing variant MITF� lacking
residues 187–192, and another corresponding to residues 217–
296) were cloned in the pET-M11 vector and expressed in the
Escherichia coli strain BL21 (DE3) RIL. Cell pellets with over-
expressed MITF were lysed under denaturing conditions in 4 M
urea, 20 mM Tris-HCl (pH 7.5), 500 mM NaCl, and 15 mM
b-mercaptoethanol. The proteins were purified on a Ni-NTA
affinity column (Qiagen). The proteins were refolded upon
dialysis against a buffer containing 150 mM NaCl, 15 mM Tris
(pH 7.5), and 10 mM DTT in the presence or absence of synthetic
cognate DNA M-box or E-box elements (Metabion) and tobacco
etch virus (TEV) protease in a mass ratio of 1:25 to remove the
hexa-histidine tag. The MITF apo protein and the MITF/DNA
complexes were further purified by exclusion chromatography
on a Superdex 75 column, equilibrated with the same buffer.
MITF (217–296) was also expressed as native protein in the
absence of urea. A comparative circular dichroism (CD) analysis
(Supplemental Fig. S9) showed that folding of this MITF con-
struct is not impaired by the purification method.

The MITF (217–296) protein was also expressed in the presence
of selenomethionine in the methionine auxothroph strain B834
(DE3). The protein and complexes with DNA were concentrated
to 10 mg/mL using a Vivaspin concentrator with a membrane
with a 10-kDa molecular weight cutoff (Sartorius Stedim Biotech).
Hanging-drop crystallization trials were carried out at 20°C by
mixing equal volumes of reservoir solution and complex solution.
Crystals of protein/DNA complexes grew from 0.7 M sodium
citrate (pH 4.75), and crystals of the apo protein grew in 1.5 M
ammonium sulfate and 150 mM sodium acetate (pH 5.0).

X-ray structure determination

All crystals used for X-ray data collection were soaked in cryo-
solutions containing the crystallization mother liquor supple-
mented with 30% (v/v) ethylene glycol or 25% (v/v) glycerol,
mounted onto a cryoloop (Hampton Research), and flash-cooled
under the nitrogen beam at 100 K or in liquid nitrogen. X-ray data
were collected on the synchrotron radiation beamline BW7A at
the DORIS III ring at EMBL/DESY and ID14-4 at ESRF. Diffrac-
tion data were processed using MOSFLM (Leslie and Powell
2007) and scaled with SCALA from the CCP4 suite (Collaborative
Computational Project Number 4 1994). The MITF apo structure
was solved using the single anomalous scattering protocol of the
Auto-Rickshaw software platform (Panjikar et al. 2005). Estimates
of the heavy-atom structure factors, heavy-atom search, sub-
structure, and initial phases were calculated using the program
SHELXC, SHELXD, and SHELXE (Sheldrick 2010). The initial
phases were improved using density modification and phase ex-
tension to 2.0 Å resolution using the program Resolve (Terwilliger
2000). The structures of the protein/DNA complexes were solved
by molecular replacement using the program Phaser (Storoni et al.
2004) and refined with the Phenix suite (Adams et al. 2010) and

RefMac5 (Murshudov et al. 1997). The final model was built
with COOT (Emsley and Cowtan 2004). The stereochemical
quality of the structures was assessed with ProCheck (Laskowski
et al. 1993). The DNA curvature was determined with Curves
(Lavery et al. 2009). The hole observed within the MITF
leucine zipper was characterized with the software Mole 2.0
(Berka et al. 2004), and an OMIT map of the surrounding area
was built with SFCheck (Vaguine et al. 1999).The complete
X-ray structure determination statistics are listed in Supple-
mental Table S2.

The atomic coordinates and structure factors of MITF (apo),
the MITF/M-box complex, and MITF/E-box complex have been
deposited at the Protein Data Bank under the respective identi-
fication codes 4ATH, 4ATI, and 4ATK.

Quantitative determination of protein/DNA-binding

affinities

ITC experiments were carried out with a VP-ITC system (MicroCal).
Experiments were performed at 25°C in 10 mM Tris (pH 7.5),
200 mM NaCl, and 0.01% thioglycerol. Purified MITF (180–
296) protein was placed in the reaction cell at a concentration of
5–20 mM with each DNA oligonucleotide duplex (Metabion) and
fragmented herring sperm DNA (Sigma) at a concentration of 25–
100 mM in the injection syringe. Injections of 10 mL of DNA
solution were performed at 4-min intervals. Data were processed
with the Origin 7 software (MicroCal). The data were corrected
by the heat of injection calculated from the basal heat remaining
after saturation. A one-site binding mode was used to fit the data
using a nonlinear least squares algorithm. For representative
thermograms and resulting data, see Supplemental Figure S1 and
Supplemental Table S1. The relevant key data are summarized in
Table 1. The values reported are the means of three independent
measurements, and the 6error numbers represent the standard
deviations (s). We calculated the ratio (Z) of binding dissociation
constants (KD) of MITF to nonspecific DNA (X)/specific DNA
(Y). In Figure 6A, error bars correspond to standard deviations
(sZ), taking into account standard deviations of both KD for
nonspecific (sX) and specific (sY) DNA, and were calculated as
follows in order to take error propagation into account:

sZ ¼ Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sX

X

� �2

þ sY

Y

� �2
s

:

CD spectropolarimetry measurements

MITF (216–296) was purified in the absence and presence of urea,
as described above. Prior to each measurement, samples were
dialyzed against 10 mM potassium phosphate (pH 7.5) and
diluted to 0.1 mg 3 mL�1. Spectra were recorded at 10°C on
a Chirascan CD Spectrometer (Applied Photophysics), between
185 and 260 nm in a 0.1-cm cuvette. Machine settings were as
follows: 0.5-nm bandwidth, 0.5-sec response, and 0.5-nm data
pitch. Spectra were background-subtracted and converted to
mean residue ellipticity. Each curve represents the mean of
three separate measurements.

Generation of plasmid constructs

Full-length wild-type and mutant MITF expression clones
were generated in pcDNA3.1 by subcloning and/or using the
QuikChange kit (Stratagene). For expressing truncated MITF+/�

(residues 108–309), PCR was used to amplify the corresponding
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region from cDNAs using primers containing T7 sequences
(primers listed below), and the resulting fragments were added
to the TNT system (Promega) to produce the respective proteins.
pcDNA3-Tfe3 (residues 247–572) was kindly provided by R. Ballotti
(INSERM, Nice, France) (Verastegui et al. 2000). This construct
was used as a template for a PCR-derived short Tfe3 fragment
(primers listed below), which was subcloned into pcDNA3.1 using
NotI and XhoI. pVZ-Max was kindly provided by R. Eisenman (Fred
Hutchinson Cancer Research Center, Seattle, WA) (Blackwood and
Eisenman 1991) and was subcloned into pcDNA3.1 using BamHI
and NotI. pcDNA3.1-Flag-MYC was obtained from Fermentas.
All vector constructs were sequence-verified.

Oligonucleotides

To express MITF (residues 108–309), we used primers MITF-F1

(Supplemental Table S7) and MITF-R1. For generating a short
version of the TFE3 protein (residues 303–475), we used primers
TFE3-F1 and TFE3-R1. For EMSAs, the primers M-box-F, M-box-

F(2), and E-box-F and their reverse complementary strands were
synthesized with a guanine overhang on the 59 end, annealed,
32P-labeled, and purified.

EMSAs

EMSAs were performed using proteins expressed in the TNT-T7
coupled reticulocyte lysate system (Promega). Proteins were
cotranslated when testing for heterodimerization. Probes (se-
quences listed above) spanning the E-box or M-box were end-
labeled with a-[32P]dCTP (PerkinElmer). Two microliters of TNT
translated proteins were preincubated in buffer containing 20 ng
of poly(dI–dC), 10% fetal calf serum, 2 mM MgCl2, and 2 mM
spermidine for 15 min on ice. For supershift assays, 0.5 mg of anti-
MITF (C5, MS-771, NeoMarkers) or anti-MAX (C-17, Santa Cruz
Biotechnology) antibodies was added and incubated on ice for 30–
60 min. Then, 50,000 counts per minute (cpm) of 32P-labeled
probe in a binding buffer containing 10 mM Tris (pH 7.5), 100 mM
NaCl, 2 mM dithiothreitol, 1 mM EDTA, 4% glycerol, and 80 ng/
mL salmon sperm DNA were added to a total reaction volume of
20 mL and incubated for 10 min at room temperature. The
resulting DNA–protein complexes were resolved on 4.2% non-
denaturing polyacrylamide gels, placed on a storage phosphor
screen, and then scanned on a Typhoon PhosphorImager 8610
(Molecular Dynamics). When testing for MAX binding, TNT
translated proteins were incubated in buffer containing 20 mM
Tris-HCl (pH 8), 100 mM KCl, 1 mM EDTA, 1 mM dithiothreitol,
5% glycerol, 100 ng of poly dI–dC, and 2 mg of BSA for 30 min on
ice prior to addition of 32P-labeled probe. All EMSAs were
performed in triplicates.

Western blot

Two microliters of in vitro translated proteins (15 mL of proteins
isolated from HEK293T cells) were analyzed on 8% SDS–poly-
acrylamide gels and then electro-transferred to nitrocellulose
(Odyssey) membranes. Membranes were incubated with antibodies
against MITF (C5, MS-771, NeoMarkers) or MAX (C-17, Santa
Cruz Biotechnology) and then with secondary antibodies conju-
gated to IRDye-680 or 800 (Metabion). The blotted proteins were
detected and quantified using the Odyssey infrared imaging system.
Equivalent protein quantities were added to gel shift assays.

Transfection

HEK293Tcells were grown in DMEM medium (GIBCO-BRL) with
10% fetal bovine serum and 2 mM glutamine (Gibco) at 37°C with
5% CO2. For gene expression analysis, HEK293T cells were grown

for 24 h prior to transfection with pcDNA3.1-Mitf, pcDNA3.1-
MitfWh, or empty vector using Lipofectamine 2000 in Optimem I
(Invitrogen). Untreated cells were used as a control. Transfections
were performed in triplicate. The cultures were incubated for 48 h
before RNA isolation. Luciferase experiments were prepared by
culturing 25,000 HEK293T cells per well in 48-well plates (Nunc)
for 24 h prior to transfection (TurboFect, Fermentas) with the
following amounts of DNA: 12 ng of MITF, 100 ng of luciferase-
coupled promoter, and 0.36 ng of pRL Renilla luciferase control
reporter vectors. After 24 h, cells were harvested for luciferase
assays using the Dual-Luciferase Reporter Assay System (Promega).
Promoter activity was measured in a microplate multimode reader
(Modulus II, Turner BioSystems) with a 1-sec reading per well.

RNA extraction and cDNA synthesis

Total RNA and protein were extracted from HEK293Tcells using
TRIzol reagent (Invitrogen) (Chomczynski and Sacchi 1987).
RNA quantity was measured using a NanoDrop Spectrophotom-
eter ND-1000, and RNA integrity was determined using an
Agilent 2100 Bioanalyzer. RNA was purified with the RNEasy
Minelute kit (Qiagen). Purified RNA (2 mg in a 20-mL reaction)
was used for cDNA synthesis with a High-Capacity cDNA
reverse transcription kit (Applied Biosystems) and anchored
Oligo(dT)20 primer (Invitrogen).

Real-time qPCR

Gene expression was measured by qPCR using human TaqMan
gene expression assays (Applied Biosystems) Hs01098278_m1
(dopachrome tautomerase), Hs00165976_m1 (tyrosinase),
Hs00194133_m1 (Mlana), and Hs02758991_m1 (Gapdh). Each
cDNA sample was measured in triplicate. Two controls were
included: one without reverse transcriptase and the other without
template.
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