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ABSTRACT. MASH-1, a member of the basic-hetixoop—helix (BHLH) family of transcription factors,
promotes the differentiation of committed neuronal precursor cdltszitro, MASH-1 displays only
marginal DNA sequence specificity. We have produced a MASH-1 variant, MAGEC, by introducing

the tripeptide Gly-Gly-Cys at the C-terminal end of the BHLH domain. Under reducing conditions the
properties of MASH-GGC and of the BHLH domain of MASH-1 were very similar. Like MASH-1,
reduced MASH-GGC showed little specificity of DNA binding. CD spectroscopy revealed that both
proteins underwent a conformational change from a largely unfolded to a meimgjical conformation

upon binding to DNA. When the subunits of MASHEGC were linked through a disulfide bond, the
folded conformation was stable over a wide concentration range (2.5 nM«M)2ven in the absence

of DNA. Oxidized MASH-GGC bound to E-box-containing sequences half-maximally at 148 nM,
compared to 458 nM for the reduced form. Therefore, even when the change from a monomeric to a
dimeric species was taken into account, the affinity for E-box-containing DNA sequences was increased.
Surprisingly, the apparent dissociation constant for the complex with DNA not containing E-box sequences
was increased upon oxidation. Therefore, despite the large distance between the disulfide bridge and the
protein—DNA interface, covalently linking the subunits of MASH-1 increased the specificity of DNA
binding significantly. In vivo, such an increase of the intrinsic DNA binding specificity might be achieved
through interactions with other proteins of the transcriptional machinery.

Despite the high degree of sequence similarity between DNA binding is low (Kinne et al., 1996; Meierhans et al.,
their DNA binding domains (Figure 1A) many of the 1995). The apparent dissociation constants of MyoD and
members of the basic-heli®oop—helix (BHLH)! family of MASH-1 are only -2 orders of magnitude smaller for the
transcription factors are involved in the regulation of different complex with E-box-containing DNA sequences than for
biological processes. The expression of MyoD, for instance, complexes with completely unrelated DNA sequences.
can activate myogenesis in a wide variety of cell types Consequently, the specificity of transcriptional activation
including myoblasts and fibroblasts (Emerson, 1993; Lassarneeded to explain the exquisite physiological specificity of
& Munsterberg, 1994; Olson, 1990), while MASH-1 pro- MASH-1 and MyoD cannot be based solely on their intrinsic
motes the differentiation of committed neuronal precursor DNA binding specificities, but, most likely, will be achieved
cells (Sommer et al., 1995). through cooperative interactions with other proteins of the

The activity of MASH-1 and of MyoD as transcriptional  transcriptional machinery such as the myocyte enhancer
activators depends upon the presence of DNA sequencedactors-2 (MEF-2) (Olson et al., 1995). While not myogenic
containing the symmetrical core motif CANNTG (E-box) themselves, MEF-2A and MEF-2C can act as coregulators
(Figure 1C) (Lassar et al., 1989). MASH-1 and MyoD share to potentiate the myogenic effects of MyoD through interac-
a region of high sequence similarity called the BHLH tions between the DNA binding domains (Molkentin et al.,
domain, through which they dimerize and bind to DNA 1995). Similar interactions have been shown between
(Kiinne et al., 1996; Meierhans et al., 1995). Dimerization MASH-1 and MEF-2A during the differentiation of the
is mediated through the helixoop—helix domain while the teratocarcinoma cell line P19 along a neuronal lineage (Mao
basic region of one BHLH subunit contacts one DNA half- & Nadal-Ginard, 1996).
site and the basic region of the other subunit interacts with  When two transcription factors bind to DNA, the physical
the second half-site (Figure 1B) (Ma et al. 1994). interaction between them can increase their individual DNA

The binding preferences of MyoD and MASH-1 for binding specificities by reducing the conformational flex-
different E-box sequences are similar, and the specificity of ibility of the amino acids at the protetrDNA interface,

thereby either stabilizing the interaction with DNA sequences

" This work was supported by an ETH grant (R.K.A.). containing _the preferred binding site or destabilizing the

* Author to whom correspondence should be addressed. complex with heterologous DNA sequences or both.

® Abstract publlshed ilhdvance ACS AbStraCtS],anUary 1, 1997. As a model for Such |nteract|onsy we Constructed a

1 Abbreviations: BHLH, basic-helixloop—helix; bp, base pair(s); - . - -
bZip, basic-region leucine zipper; CD, circular dichroism spectroscopy; WASH-1 BHLH variant, MASH-GGC, in which the tri-

EMSA, electrophoretic mobility shift assayH, proton; GGC-SH, peptide Gly-Gly-Cys was added to the carboxy-terminal end
reduced form of MASHGGC; (GGC-S), oxidized form of MASH- of the BHLH domain (Figure 1B). Under oxidizing condi-

GGC; HPLC, high-performance liquid chromatography; IPTG, isopro-  tjgng the subunits of MASHGGC could be linked through
pyl p-p-1-thiogalctopyranoside; MEF-2, myocyte enhancer factors-2;

MCK, muscle creatine kinase; PAGE, polyacrylamide gel electrophore- & disulfide bond, thereby signi_ficantly increasing the stability
sis; SD, standard deviation; TFE, 2,2,2-trifluoroethanol. of the folded form of the “dimer”. Measurement of the
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A Basic Helix-1 Loop Helix-2
I--————-—-—-—- I-—————————-—- I--————==--- I - I
110 120 130 140 150 160 170
MASH-GGC GYSLPQQQPAA--——-—- VARR---NERERNRVKLVNLGFATLREHVPNGAANKKMSKVETLRSAVEYIRALQQOLLDGGC
MASH-1 GYSLPQQQPAA-—~—-~ VARR---NERERNRVKLVNLGFATLREHVPNGAANKKMSKVETLRSAVEYIRALQQLLD
MASH-2 ATEASSSSAA----- VARR---NERERNRVKLVNLGFQALRQHVPHGGANKKLSKVETLRSAVEYIRALQRLLA
MyoD CLLWACKACKRKTTNADRRKAATMRERRRLSKVNEAFETLKRCTSSNP-NQRLPKVEILRNAIRYIEGLQALLR

B C MCK-S 5'-CAGGCAG CAGGTG TTGG-3'

3'-GTCCGTC GTCCAC AACC-5!

SP-1 5'~GATGCGGTCCCGCCCTCAGC~-3"!

HS'CGG 3'-CTACGCCAGGGCGGGAGTCG-5"
HS-CGG

5’ 3"
Ficure 1: (A) Alignment of the BHLH domains of MASHGGC, MASH-1, MASH-2, and MyoD. The full sequence of the MASH
GGC peptide used in this study is given. The tripeptide GGC, which was added to the C-terminal end of the BHLH domain of MASH-1,
is underlined. The numbering corresponds to the full-length sequence of MASH-1. Amino acids are given in the one-letter code. Conserved
residues are in bold face. The MASH-1 and MASH-2 sequences are from rat (Johnson et al., 1990). For MyoD the murine sequence is
given (Davis et al., 1987). (B) Sketch of the complex of MASBGC with DNA. The tripeptide GGC is indicated, and the sulfhydryl
groups are highlighted. The program Molscript (Kraulis, 1991) was used to make this display from the coordinates of the DNA complex
of MyoD (Ma et al., 1994)a-Helices are represented as cylinders. The sughosphate backbones of the DNA are represented by ribbons.
(C) Sequences of the oligonucleotides used for the EMSAs. Both strands are shown. The E-box sequence is shown in bold face.

apparent dissociation constants of DNA complexes of BL21(DE3) cells containing the MASHGGC expression
MASH—GGC in its oxidized and its reduced form revealed plasmid were grown at 37C on LB medium with 100 mg/L
that covalently linking the subunits reduced g for the ampicillin and 50 mg/L chloramphenicol until the GQf
complex with an E-box-containing oligonucleotide almost reached 0.4. Then IPTG was added to a final concentration
3-fold. On the other hand, the apparent dissociation constantsf 1 mM. Cells were harvestie3 h after induction by
for the complexes with heterologous DNA sequences were centrifugation, and pellets were frozen-a20 °C.
increased upon oxidation. Therefore, linking the subunits
of MASH—GGC increased the DNA binding specificity by
1 order of magnitude despite the rather large distance
between the disulfide bridge and the DNArotein interface.
These results show that stabilizing the folded form of a
BHLH protein by covalently linking the subunits through a ) ! )
disulfide bond can lead to increased DNA binding specificity. mM ammonium acetate, pH 6.7, 100 mM sodium chloride,
In zivo, such an increased specificity might result from 100. mM 2-mercaptoethgnol) had been added, ce!ls were
interactions with other components of the transcriptional SPnicated for 10 min on ice. The resulting suspension was
machinery, such as the myocyte enhancer factors MEE-2A dialyzed twice against urea buffer [5 mM sodium acetate
and MEF-2C (Mao & Nadal-Ginard, 1996; Molkentin etal., (PH 5.0), 100 mM 2-mercaptoethandd M urea]. The

Protein Purification MASH—GGC was purified es-
sentially as described for the BHLH region of MASH-1
(Meierhans et al., 1995). In short, the cells were resuspended
in 3 mL of water/g of wet cells and 1 mM phenylmethane-
sulfonyl fluoride was added. After 2 vol of lysis buffer (100

1995). dialyzate was centrifuged, and the supernatant was applied
to a column containing 30 mL of Bio-Gel CM A ion-
MATERIALS AND METHODS exchange resin (Bio-Rad) pre-equilibrated with urea buffer.

The loaded resin was washed extensively with urea buffer
and the protein eluted with one column volume of urea buffer
containing 1 M sodium chloride. The eluate was dialyzed
twice against urea buffer. The protein was further purified
by preparative HPLC on a Resource-S sulfonate (Pharmacia)

(Meierhans et al. 1995) was C-terminally elongated to encode I2N-€xchange column (Meierhans et al., 1995). The collected
the tripeptide, Gly-Gly-Cys, by inserting the nucleotide ractions were pooled and concentrated by ultrafiltration
sequence GGAGGATGT followed by a TGA stop codon USing an Amicon YM-3 filter. The buffer was exchanged
directly after the triplet encoding Asp(172) of MASH-1 0 5 mM sodium acetate (pH 5.0) and 5 mM DTT by dialysis.
through oligonucleotide-directed mutagenesis (Kunkel et al., SDS-PAGE showed a single protein band. MALDI-TOF
1987) with the oligonucleotide 55CGCGCTGCAGCAGCT- showed a mass of 7817 which corresponded well with the
GCTGGACGGAGGATGTTGATAGGATCCAC- calculated mass of 7819 for MASH5GC without the
TAGTTCTAGAGCGG-3 using the Bio-Radn vitro mu- N-terminal methionine (the accuracy of the measurement is
tagenesis kit. Generally, the manufacturer's instructions were 0.03%). The N-terminal sequence was confirmed by Edman
followed. The resulting cDNA construct contains the coding degradation. The amino-terminal methionine had been
sequence for the amino acids Gly(106) to Asp(172) of removed proteolytically. Protein concentration was deter-
MASH-1 and an additional tripeptide, Gly-Gly-Cys, at the mined by measuring the UV absorption at 215 and 220 nm
C-terminus. The DNA sequence was verified using the (Wetlaufer, 1962). The vyields for the preparation were
dideoxy sequencing method (Sanger et al., 1977). approximately 1 mg of purified protein/L of culture.

Expression of MASHGGC. MASH—-GGC was ex-
pressed in BL21(DE3) cells containing the pLys plasmid
(Studier, 1991) from the T7 promoter in the plasmid pJGetita
(Meierhans et al., 1995). To construct the cDNA inserts of
the expression plasmid, the rat MASH-1 BHLH sequence
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Dimerization of MASHGGC. For dimerization a 4gM A D
solution of MASH-GGC was dialyzed against three changes 1 2 e <™ IO
of oxygen-saturated urea buffer not containing mercapto- - =—24.0

ethanol for 168 h followed by dialysis against two changes
of 5 mM sodium acetate (pH 5.0). The protein concentration
was determined by UV absorptionide suprg. SDS-
PAGE showed a single protein band of about 15 kDa.
MALDI-TOF showed sample homogeneity and a molecular
mass of 15 640Gt 5 (calculated mass is 15 636).

Oligonucleotides.Oligonucleotides were purchased from
Microsynth, desalted on Sephadex, and precipitated with
ethanol. Single-stranded oligonucleotides were labeled with
[32P]ATP (Amersham) in the presence of T4 polynucleotide
kinase (NEB), and complementary strands (10% excess) were
annealed by heat denaturation followed by slow cooling to
room temperature.

01103 deg cnamor”! W
(-]

Electrophoretic Mobility Shift AssaysAliquots from stock ] ‘(‘gg;fg)z
solutions of the proteins (monomer or dimer) were serially A
diluted (20 nM to 20uM) into 5 mM sodium acetate (pH -8 : .
5.0) and incubated in 50 mM Tris (pH 7.9), 6 mM MgCl 200 250 M:ﬂf
40 mM (NH,),SOy, 0.2 mM EDTA, 4% (w/v) CHAPS, and

1 mM DTT for the reduced form of MASHGGC. For
oxidized MASH-GGC, DTT was omitted. After this
mixture was incubated for 15 min at room temperature, 2 8
ng of labeled oligonucleotide probe was added and incubation
continued for another 15 min at room temperature. The
samples were applied to a 4% polyacrylamide gelnTIAE

(pH 7.9). After electrophoresis the gels were dried and
exposed to Kodak X-OMAT-S film at 70°C. Quantitative
data were obtained with an Instant Imager (Packard). The
fraction ® of DNA bound was determined as the activity of
the retarded band (corresponding to the prot@&nNA
complex) divided by the sum of the activities of the retarded
and unretarded (corresponding to the free DNA) bands.

CD Spectroscopy.Spectra were measured using Jasco 8 tog [P]
J710 and J600 spectropolarimeters. The buffer was 5 mM o 5
Tris (pH 7.0) for oxidized MASH-GGC and 5 mM Tris FiGure 2: Characterization of MASHGGC. (A) SDS-PAGE of
(pH 7.0) C(.)ntainin 0.2 mM DTT for the reduced form of purified proteins: lane 1, MASH-1 BHLH; lane 2, oxidized
p : gu. 7 MASH—-GGC; lane 3, reduced MASHGGC. Mobilities of mo-
MASH—-GGC. Spectra were measured for a concentration |ecular weight markers (MW) are given in kDa. (B) CD spectra of
range from 2.5 nM to M for oxidized MASH-GGC and reduced (a) and oxidized (b) MASHZGC; [GGC-SH]= 1 uM;
from 0.025 to 25uM for the reduced form. For DNA  [(GGC-S}] = 0.5uM. (C) Molar ellipticity [©] at 222 nm as a
binding experiments the protein concentration wadvLfor function of the concentration of oxidized MASHGGC (filled

the reduced form of MASHGGC and 0.5uM for the glftﬁ)o??gglégg?eglﬁgct(iggﬁ/n circles). P refers to MASH
oxidized form. ' '

The X-ray structures of the DNA complexes of both MyoD
RESULTS AND DISCUSSION (Ma etal., 1994) and E47 (EIIenberger etal., 1994) showed
that the carboxy-terminal ends of their BHLH domains are
Design of Cealently Linked MASHBHLH. A central in close proximity. We introduced the tripeptide, Gly-Gly-
feature of the reaction between BHLH domains and DNA Cys, at the C-terminal end of the BHLH domain of MASH-1
is that protein folding, dimerization, and DNA binding are to create the peptide MASHGGC (Figure 1A and B).
energetically interdependent processes (Meierhans et al. Simply changing the redox conditions can therefore induce
1995; Sun & Baltimore, 1991). At high concentrations the a switch between the monomeric and the “dimeric” form, in
BHLH domains form reasonably stable dimers witK@gm which the subunits are held together via a disulfide bond.
of approximately 430 uM (Figure 2C) (Fairman et al., The glycines were introduced in order to increase the
1993). However, at the concentrations where half-maximal flexibility of the linker (Talanian et al., 1990) and to
DNA binding occurs £10—100 nM), BHLH proteins exist ~ minimize the strain introduced by the disulfide bond.
as unfolded monomers in solution (Koe et al.,, 1996; Structural Characterization of MASHGGC. MASH—
Meierhans et al., 1995; Sun & Baltimore, 1991). Conse- GGC was produced irEscherichia coliand purified to
quently, the free energy of DNA binding is reduced because apparent homogeneity. In denaturing polyacrylamide gel
at low protein concentrations energy must be spent on dimerelectrophoresis experiments the reduced form of MASH
formation. Therefore, covalently linking the subunits of a GGC had similar mobility to MASH-1 BHLH (Figure 2A).
BHLH protein should obviate the requirement for dimeriza- Preparative oxidation of MASHGGC in oxygen-saturated
tion and stabilize the folded form of the protein. Thus, such buffers was very slow, and the reaction did not reach
a protein should display enhanced DNA binding activity. = completion after 7 days, possibly because of aggregation,

Q
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which is generally observed with BHLH proteins at high
concentrations. However, in buffers contaimi M urea
the oxidation was essentially complete after 7 days and
produced a single band of the correct molecular weight as
judged by PAGE (Figure 2A) and mass spectroscopy.

CD spectroscopy was used to obtain further structural
information about MASH-GGC. The BHLH domain of
MASH-1 is largely unfolded at concentrations lower than 5
uM (Meierhans et al., 1995). Similarly, the CD spectrum
of the reduced form of MASHGGC showed that the peptide
contained only small amounts afhelicity at a concentration
of 1 uM (Figure 2B). The oxidized form of MASHGGC
on the other hand showed significant amounts.dfelicity
at a concentration of 04M (1 xM in monomer equivalents)
(Figure 2B). The folded form of MASH-1 BHLH could be
stabilized significantly by the addition of 2,2,2-trifluoro-
ethanol (TFE) (Meierhans et al., 1995). Adding TFE to
oxidized MASH-GGC did not result in any change in the
CD spectrum, indicating that the protein was already fully
folded. Unlike the non-linked forms of BHLH proteins
(Figure 2C), which adopt stable secondary structures upon
dimerization at protein concentrations between 4 andi30
(Fairman et al., 1993), oxidized MASH5GC was clearly
folded and mainlyo-helical at these concentrations (Figure
2B). The mean residue ellipticity of oxidized MASHGGC
remained unchanged for the whole concentration range
studied (2uM to 2.5 nM) (Figure 2C). Therefore, the
introduction of a disulfide linker between the subunits of
MASH—GGC reduced significantly the concentration at
which 50% of the protein molecules are in the folded form
by at least 3 orders of magnitude relative to reduced MASH
GGC. This corresponds to a stabilization of the folded form
of approximately 4.2 kcal/mol, an amount which is compa-
rable to the stabilizations observed with single disulfide
bonds engineered into globular proteins like T4 lysozyme
(Matsumura et al., 1989). Consequently, oxidized MASH
GGC exists as a stably folded dimer at the protein concentra-
tion where half-maximal DNA binding occurs {lKuae et al.,
1996; Meierhans et al., 1995; Sun & Baltimore, 1991).

Structural Characterization of DNA Complexes of MASH
GGC. The DNA binding properties of MASHGGC were
analysed by electrophoretic mobility shift assay. As a DNA
probe, an oligonucleotide (MCK-S) was chosen comprising
17 bp of the IgH enhancer-like element of the muscle creatine
kinase enhancer (Buskin & Hauschka, 1989) with the central

E-box sequence CAGGTG (Figure 1C). This sequence has

been shown to be the highest affinity binding site for
MASH-1 (Meierhans et al., 1995). For EMSAs, MASH
GGC was simply mixed with radioactively labeled MCK-S
oligonucleotide (Figure 1C), and the products of the binding
reaction were analyzed by native PAGE. Under these
conditions, the DNA complexes of both the reduced and the
oxidized forms of MASH-GGC produced retarded bands
of equal electrophoretic mobility (Figure 3A), indicating that
they had similar structures. In addition, the mobility shift
was identical to that of the complex between MCK-S and
the BHLH domain of MASH-1 (Figure 3A).

The DNA complexes of MASHGGC were further
characterized by CD spectroscopy. The addition of MCK-S
oligonucleotide to a kM solution of the reduced form of
MASH—-GGC induced a change in the CD spectrum indica-
tive of a transition from a largely unfolded conformation of
the peptide to a mainlg-helical form (Figure 3B) (Green-
field & Fasman, 1969). The same transition had been
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Ficure 3: Characterization of the DNA complexes of MASH
GGC. (A) Autoradiogram of electrophoretic mobility shift assay
with labeled MCK-S oligonucleotide and varying proteins. Lane 1
(=), MCK-S alone; lanes 2 and 3, labeled MCK-S with reduced
(GGG-SH) and oxidized ((GGC-§MASH—-GGC; lane 4, BHLH
domain of MASH-1 (BHLH) (Meierhans et al, 1995). [MCK-§]
9.66 nM; [GGC-SH]= 1.5uM; [(GGC-S)2]= 1.0 uM; [BHLH]

= 1.5uM. (B) CD difference spectra of reduced MASKEGC in

the presence of increasing amounts of MCK-S oligonucleotide (the
contribution from the oligonucleotide to the CD spectrum of the
complex was subtracted). [MASH5GC] = 1 uM. Curves b-f:
[MCK-S]J/[MASH-GGC]=0, 0.2, 0.3, 0.5, 0.75; curve a, [MCK-

S] = 0.5uM (no protein present). (C) Molar ellipticity at 222 nm
from CD difference spectra (the spectrum of the pure MCK-S
oligonucleotide was subtracted from the spectrum of the complex)
as a function of the ratio between the concentrations of MCK-S
and reduced (filled circles) and oxidized (open circles) MASH
GGC, respectively. [GGC-SH¥ 1 uM; [(GGC-S)] = 0.5 uM;
[MCK-S] =0, 0.2, 0.3, 0.4, 0.5, and 0.Z8M. Abbreviations: D,
free MCK-S; P, protein; PD, proteirDNA complex.

observed with MASH-1 BHLH (Meierhans et al., 1995). The
binding reaction could be monitored by measuring the
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Table 1: DNA Binding Parameters for MASH-1 BHLH and
Oxidized and Reduced MASHGGC Determined by EMSA

MCK-S? SP-F

KD KD
(x10°83 M [Pl (x10BM2)P [Pl specificity!

MASH-1  2.1@0.8) 458nM 2.74£0.4) 520nM 1.3
GGC-SH  2.1405) 458nM 2.5{£0.2) 500nM 1.2
(GGC-S) 0.9(@0.1) 148nM 9.9404) 497nM  11.0

aSee Figure 1C for DNA sequencésipparent dissociation con-
stants ¢£SD) for MASH—BHLH and the reduced form of MASH
GGC are reported asp = ([P]12)2% For ease of comparisolp values
(+SD) for oxidized MASH-GGC are reported per monomer equivalent
[one molecule of (GGC-$)ontains two monomer equivalents]lis
= (2[(GGC-S}]112)? ¢ Concentration of protein for which 50% of the
DNA binding sites are filled? Specificity is calculated as the ratio
Kp(SP-1)Kp(MCK-S).

ellipticity at 222 nm (Figure 3C), which is indicative of the
a-helical conformation. The change in the CD spectrum
upon addition of DNA could be saturated, in that the addition
of excess oligonucleotide did not result in a further change
of the spectrum (Figure 3B and C). The CD spectrum of
the complex between MCK-S oligonucleotide and reduced
MASH—-GGC (Figure 3B) was nearly identical to the
spectrum of oxidized MASHGGC in the absence of DNA
(Figure 2B), providing further evidence that the folded forms
of DNA free, oxidized MASH-GGC and of reduced
MASH—GGC bound to DNA were very similar. The
addition of oligonucleotide to the oxidized form of MASH
GGC did not change the CD spectrum, and the ellipticity at
222 nm did, therefore, not increase further (Figure 3C).
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constants were calculated relative to monomer equivalents
(one molecule of oxidized MASHGGC contains two
monomer equivalents, while one molecule of the reduced
form contains one monomer equivalent) ks = ([P]2)?

for the reduced form an#p = (2[P]y2)? for the oxidized
form of MASH—GGC.

The reduced form of MASHGGC showed approximately
the same affinity for the oligonucleotides MCK-S and SP-1
(Table 1; Figure 4A-C). The apparent dissociation constants
were similar to theKp values measured for the complexes
of the unmodified BHLH region of MASH-1 with these
oligonucleotides (Table 1) (Meierhans et al., 1995).

The results obtained for the oxidized form of MASH
GGC were dramatic in that the amount of stabilization of
the proteir-DNA complex through the introduction of the
disulfide bond between the BHLH subunits was dependent
on the specific DNA sequence. Even when the change from
a monomeric to dimeric species was taken into account,
oxidized MASH-GGC bound E-box-containing DNA se-
guences at smaller half-maximal concentrations than the
reduced form (Table 1, Figure 4AD). The apparent
dissociation constants were 09103 M2 for oxidized and
2.1 x 1078 M2 for reduced MASH-GGC. On the other
hand, approximately equal concentrations of oxidized and
reduced MASH-GGC were needed for half-maximal bind-
ing to non-specific DNA (Table 1, Figure 48)). The
binding affinity of each BHLH chain to heterologous DNA
was reduced 2-fold in the oxidized form of MASHGGC
compared to the non-covalent dimer formed by reduced
MASH—-GGC. Consequently, the apparent dissociation

The results described above suggested that linking theconstant for the complex of non-specific DNA was almost

subunits of MASH-GGC through a disulfide bond un-
coupled the processes of folding, dimerization, and DNA
binding, because at the concentration where DNA binding
occurs the oxidized form of MASHGGC is already folded
into a stable covalent “dimer”.

DNA Binding Specificity of MASHGGC. In EMSA
titrations, the apparent dissociation constars) (were

four times bigger with oxidized MASHGGC than with the
reduced form (Table 1). Overall the stabilization of the
complex with E-box-containing DNA and the destabilization
of the complex with non-specific DNA upon oxidation
resulted in an increase of the DNA binding specificity of
MASH—-GGC of 1 order of magnitude (Table 1).

Because of the large distance between the disulfide bridge

measured for the complexes of the reduced and the oxidizedand the basic region of MASHGGC, and because the

forms of MASH-GGC with the MCK-S oligonucleotide
(Figure 1C) and with a completely unrelated DNA sequence
containing a binding site for the transcription factor SP-1
(Kadonaga & Tijan, 1986) (Figure 1C). It is known that
the BHLH region of MASH-1 shows litle DNA binding
specificity and binds to MCK-S only 1.3 times tighter than

to unrelated DNA sequences (Table 1) (Meierhans et al.,

1995). The concentration of the oligonucleotide in these

experiments was held constant while the concentration of

results from CD spectroscopy suggested that the DNA
complexes of the oxidized and the reduced forms of MASH
GGC had similar structures, it was unlikely that the 10-fold
increase in DNA binding specificity was simply the conse-
quence of either additional favorable contacts between
residues of the linker region and the nucleotide bases of the
E-box containing DNA or new unfavorable interactions with
the SP-1 oligonucleotide.

Covalently linking the subunits of MASHGGC through

the proteins was successively increased (Figures 4A and B).a disulfide bond might reduce the number of conformations

For the reduced form of MASHGGC, the best fit for the
binding isotherm (eq 1) was found for the assumption of
cooperative binding of two monomers of the reduced form
of MASH—GGC to DNA (Figure 4C), while for oxidized
MASH—GGC the best fit for the isotherm (eq 2) was

accessible to the protein in the disordered state and, therefore,
diminish the entropic penalty that accompanies folding and
DNA binding. Although the flexibility of side chains at the
protein—DNA interface is restrained when compared to the
uncomplexed state, it is still higher than the flexibility of

observed under the assumption of binding of one monomerside chains in the protein core (Berglund et al., 1995).

(corresponding to two BHLH chains) to the DNA (Figure
4D):

@ = KAPJA(1 + KPP
@ = K[P)/(1 + K[P])

1)
&)

From the isotherms, the protein concentration for half-
maximal binding [P}, = 1/K could be determined. To

Stabilizing the folded form of MASHGGC through a
disulfide bond might compensate for an entropically unfa-
vorable reduction of the conformational flexibility of the side
chains at the proteinDNA interface. Limiting the number

of accessible conformations of the basic region of BHLH
proteins could stabilize the complex with specific DNA and
destabilize the complex with non-specific DNA sequences,
thereby increasing the overall DNA binding specificity. A

facilitate comparison of the data, apparent dissociation precedent for such a mechanism is provided by the tryp-
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Ficure 4: (A) Autoradiograms of electrophoretic mobility shift assay titrations of radiolabeled MCK-S oligonucleotide with increasing
amounts of reduced (left panel) and oxidized (right panel) MA®RSGC. [MCK-S] = 9.66 nM; protein concentrations are given in nM.
(B) As in A, but SP-1 oligonucleotide was used; [SP=18.2 nM. (C) Fraction® of bound DNA in the complex of reduced MASHGGC
with oligonucleotides MCK-S and SP-1, respectively, as a function of the concentration of reduced-NGASBE The sigmoidal lines

represent the best theoretical fit through the data points. The vertical lines indicate the concentrations of protein, where half of the protein

binding sites on the DNA are filled. (D) As in C, but the oxidized form of MASEGC was used.

tophan repressor dt. coli. Replacing alanine (77) with
valine, for example, results in a local stabilization of the DNA

(Baranger et al., 1995; Perini et al., 1995). When present
in large excess, Tax enhances the affinity of bZip proteins

binding domain of the repressor, reduced conformational for cyclic AMP-responsive element target sites (Armstrong

flexibility (Gryk & Jardetzky, 1996), and increased specificity
through reduced affinity for non-specific DNA (Arvidson
et al., 1993). In this context, it is worthy of note that the
addition of 20% TFE to the BHLH domain of MASH-1
increased not only the DNA binding specificity by ap-
proximately 2-fold (Meierhans et al., 1995) but also signifi-
cantly increased the dispersion of thd-NMR signals,
suggesting a decrease of the conformational flexibility of
the protein (data not shown).

Because the milieu inside a cell is strongly reducing, the
conformational rigidity of the basic region of MASH-1 and
the specificity of DNA binding cannot be increas@dvivo
by covalently linking the subunits through a disulfide bond.
However, such an increase of the specificity might result
from the interaction with other components of the transcrip-
tional machinery, for instance with MEF-2A (Mao & Nadal-
Ginard, 1996). In this case, MEF-2A could stabilize a
specific conformation of the basic region of MASH-1 and
thereby alter the intrinsic DNA binding specificity of MASH-
1. A direct interaction of MEF-2A with ther-helix of the
basic domain of MASH-1 might lead to a significantly

et al.,, 1993; Wagner & Green, 1993). Surprisingly and
consistent with the model presented above, binding of Tax
to various bZip proteins also changed their relative affinities
for different DNA binding sites (Perini et al., 1995).

The work described in this paper represents the first
instance in which a significant increase in the DNA binding
specificity of a transcription factor has been achieved by
covalently cross-linking its subunits through a disulfide bond.
It provides opportunities to address questions about the
molecular mechanisms by which the DNA binding specificity
of transcription factors can be modulated.
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