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Thermodynamics of the DNA Binding Reaction of Transcription Factor MASH-1
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ABSTRACT. MASH-1, a member of the basic hetitoop—helix (BHLH) family of transcription factors,
promotes the differentiation of committed neuronal precursor cells. We have determined the thermodynamic
parameters of the DNA binding reaction of the BHLH domain of MASH-1 (MASBHLH) by isothermal

titration calorimetry and found that the specificity of the binding reaction was rather low. AEC2ihe
association constant for binding was 5.130(51) x 10° M1 for an E-box containing oligonucleotide,

while for a heterologous DNA sequence it was 5.34.93) x 10’ M~1. The reaction enthalpy and the
reaction entropy were strongly dependent on the temperature, but the reaction free energy was almost
independent of temperature. The association reaction was enthalpically driven throughout the physiological
temperature range and characterized by a large negative heat capacity change. No change in the protonation
state of the protein and/or the DNA was observed at pH 6. Within experimental error, the reaction was
independent of pH between pH 6 and 8. Dissection of the entropy change of the binding reaction indicated
that binding was coupled to local protein folding of approximately 25 amino acids per protein subunit.
The circular dichroism spectra of free and DNA-bound MASBHLH revealed the formation of additional
a-helical structure comprising approximately 25 amino acids upon complex formation. Therefore, while
the basic region was in am-helical conformation in the DNA complex, in free MASHBHLH it was
substantially unfolded even at concentrations where the protein is mainly dimeric. The association between
MASH-1 and DNA is therefore an example of “induced fit".

Many of the members of the basic heliloop—helix o-helixes connected by a flexible loop. This region forms
(BHLH)! family of transcription factors (Figure 1A) are a parallel, left-handed, four-helix bundle in the DNA complex
involved in the control of cellular differentiation. For (6, 7). The activity of BHLH proteins as transcriptional
example, the expression of the BHLH protein MASH-1 activators depends on the presence of DNA sequences
commits cells to a neural fatd); while MyoD, myogenin, containing the symmetrical core motif CANNTG (Figure
MRF4, and Myf-5 can activate the program for skeletal 1B), which is called an E-box8j. The X-ray structures of
muscle differentiation in a wide range of different cell types the complexes of E47 and MyoD revealed that one DNA
(2). The SCL protein, on the other hand, appears to have ahalf-site is contacted through amino acid residues of the basic
fundamental role in erythroid differentiation3)( For  region of one BHLH subunit while the other half-site
functional activity, the myogenic and the neurogenic BHLH interacts with the basic region of the other subunit. In
proteins depend on the ubiquitously expressed E2A genestructural terms, the basic region is simply the amino-terminal
products E12 and E47, which are themselves BHLH proteins end of oneo-helix consisting of the basic region and helix
4,5). 1. X-ray structure analyses of the DNA complexes of BHLH

The BHLH proteins are named after a common region of proteins suggest that in most cases the DNA remains in the
high sequence similarity called the BHLH domain (Figure canonical B conformationg( 7, 9—11).

1A) through which they dimerize and bind to DNA. The C I ;

. ) . R : Surprisingly, DNA binding studies by EMSA and by CD
HLH region which mediates dimerization consists of two spectroscopy showed that the BHLH proteins MASH-1,
MyoD, and E12 display only modest DNA binding specific-
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Basic Helix 1 Loop Helix 2
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106 110 120 130 140 150 160 170
BHLH GYSLPQQQPAA----- VARR**—NERERNRVKLVNLGFATLREHVPNGAA—NKKMSKVETLRSAVEYIRALQQLLDP*
MyoD CLLWACKACKRKTTNADRRKAATMRERRRLSKVNEAFETLKRCTSSNP--NQRLPKVEILRNAIRYIEGLQALLR
E47 STDEVLSLEEKDLRDRERRMANNARERVRVRDINEAFRELGRMCQLHLKSDKAQTKLLILQQAVOVILGLEQQVR

B MCK-S: 5'-CAGGCAG CAGGTG TTGG-3'
3'-GTCCGTC GTCCAC AACC-5'

SP-1: 5' ~-GATGCGGTCCCGCCCTCAGC-3"
3 ' -CTACGCCAGGGCGGGAGTCG-5"

Ficure 1: (A) Cartoon of the MASH-1 protein and sequence similarities between the BHLH domains of MASH-1 (MBSEH),

MyoD, and E47. The numbering system indicated for the MASHHLH sequence corresponds to the full-length MASH-1 sequence. The
proline residue at the carboxy end of MASIBHLH is a cloning artifact and is not part of the MASH-1 sequence. The positions of the
basic region, helix 1, helix 2, and the interconnecting loop are based on the crystal structure of the DNA complex of the BHLH domain of
MyoD (6). The sequences of MASH-B) and of E47 49) are from rat; for MyoD, the murine sequence is givé)( (B) Sequences of

the double-stranded oligonucleotides MCK-S and SP-1. The E-box sequence is shown in bold-face.

association with DNA. Thermodynamic studies provide a  Oligonucleotides.Oligonucleotides were purchased from
description of the forces which drive the reaction between Microsynth or the University of Zurich (Institute for Zool-
proteins and DNA 15). Together with structural studies, ogy), desalted on Sephadex, and precipitated with ethanol.
they enable us to understand the association reaction inFor electrophoretic mobility shift assays, single-stranded
physical terms. oligonucleotides were labeled with-£2P]JATP (Amersham)

We have used isothermal titration calorimetry (ITC) to in the presence of T4 polynucleotide kinase (New England
study the binding of MASH-BHLH to an E-box-containing  Biolabs). Complementary strands were annealed by heat
oligonucleotide, MCK-S, comprising 17 bp of IgH enhancer denaturation followed by slow cooling to room temperature.
like element of the muscle-specific creatine kinase enhancer Electrophoretic Mobility Shift AssaysElectrophoretic
(16) and to heterologous DNA. These measurements mobility shift assays were performed as previously described
confirmed the low DNA binding specificity of MASH (12—-14). Bacterially expressed MASHBHLH was serially
BHLH under true equilibrium conditions. Dissection of the diluted into EMSA buffer (50 mM Tris-HCI, pH 8; 50 mM
entropy changes of the binding reaction indicated that local MOPS, pH 7; or 50 mM MES, pH 6, respectively, 6 mM
protein folding transitions were coupled to DNA binding. MgCl,, 40 mM ammonium sulfate, 0.2 mM EDTA, 1 mM
We propose that the basic region of MASBHLH is DTT, 5% glycerol). This solution was incubated in the
substantially unfolded even at the high concentrations usedpresence of 10 nM labeled oligonucleotide for 10 min at
here, but adopts an-helical conformation on binding to  RT. Samples were applied to 4% polyacrylamide gels in
DNA. This folding transition is driven by binding free 0.9 x TAE (pH 7.9). After electrophoresis, the gels were
energy, and therefore is an example of “induced fit" and dried and exposed to Kodak X-OMAT-S film at70 °C.
adaptability. Quantitative data were obtained with a Packard Instantimager

using system software. The fractioh, of DNA bound was
EXPERIMENTAL PROCEDURES determined as the activity of the retarded band (corresponding

Expression and Purification of MASH-1 BHLHThe  to the protein DNA complex) divided by the sum of the
BHLH domain of rat MASH-1 comprising amino acids 106 activities of the retarded and unretarded (corresponding to
through 172 was produced in BL21(DE3)pLysS cells from the free DNA) bands. Plotting against the concentration
the T7 promoter in the plasmid pJGetita and purified as Of unbound MASH-BHLH allowed the determination of the
described 12). The protein contains an additional proline concentration [MASH BHLH] 1, where half of the protein
residue at the carboxy-terminal end which is due to the binding sites are filled12—14).
cloning procedure and is not part of the MASH-1 sequence Buffers. Low-salt MES buffer: 10 mM MESKOH, pH
(12). SDS-gel electrophoresis of the purified product 6.0. High-salt MES buffer: 10 mM MESKOH, pH 6.0,
showed a single band. MALDI-TOF mass spectroscopy 100 mM KCI. PIPES-6 buffer: 10 mM PIPEKOH, pH
revealed a molecular mass of 7700 u which corresponded6.0. PIPES-7 buffer: 10 mM PIPESCOH, pH 7.0.
well with the calculated mass of 7698.8 u for MASBHLH Isothermal Titration Calorimetry. ITC measurements
lacking the N-terminal methionine. Edman sequencing were performed on an OMEGA titration calorimeter (Mi-
confirmed the lack of the N-terminal methionine as well as croCal, Inc., Northampton, MA) at the Institute of Biochem-
the identity of the first eight amino acid residues of the istry of the University of Zurich. The OMEGA calorimeter
recombinant protein. The protein concentration was deter- has been described in detail by Wiseman and co-workers
mined by measuring the UV absorption at 215 and 220 nm (18). The calorimeter was calibrated with electrically
(17). generated heat pulses as recommended by the manufacturer.
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2.5E-06 Table 1: Thermodynamic Parameters of the Binding Reaction of
S MASH-BHLH and Different DNA Binding Site%

5 2E-06 - T Ka x 1077 AG AH TAS
T spo6 i T (K) MY (kcal/moly (kcal/mol) (kcal/moly
; = I i NG MCK-S in Low-Salt MES Buffer (pH 6.0)
@ 1E-06 b 285 341401  —9.8+01 -19.8+01 -10.0+0.2
« U N e L 290 4,25+ 0.1 —10.1+ 0.2 —199+1.2 —-9.8+14
E 5E-07 4 295 17.75+5.8 —11.1+0.2 —26.3+1.8 —15.2+2.0

: 300 51.25+5.12 -11.9+04 -—-29.8+11 -179+15

305 41.42+6.20 —-12.0+05 —-33.2+12 —-21.1+1.7

SP-1 in Low-Salt MES Buffer (pH 6.0)
pH 285 2.08+0.31 —-95+0.1 -153+01 —5.8+0.2

FiGURE 2: pH dependence of the interaction between MASH 287 ~ 2.06+022  -9.6£01 -175+01 -7.94+02
BHLH and the MCK-S ) and SP-14) oligonucleotides measured 290 231047 —9.8+£01 -155+19  -57+20
by EMSA. The concentration of MASHBHLH, [MASH— 295 514+6.28 -104+£05 -181+25 —7.7+£3.0
BHLH] 12, at which half of the DNA binding sites are filled is given 300 514+1.93 -104+03 -250+31 -147+34
for the pH range from 6 to 8. MCK-S in High-Salt MES Buffer (pH 6.0)

290 3.92£0.25 -10.1+0.1 -—-22.0+£04 —-11.9+05
295 285+ 0.77 -10.1+£0.2 -—-242+16 —-142+18
300 224+ 0.78 -10.1+0.2 —294+1.7 -19.3+1.9

L
7

The temperature of the system was kept below the
temperature of the experiment with the help of a circulating SP-1 in High-Salt MES Buffer (pH 6.0)
: : : Y ~ -1in High-Sal uffer (pH 6.
water bath_ in o.rder to improve base line stability. Tgmper 290 2894 186 —004+04 —184407 & -85+11
ature eqwllbrat_lon was aII_owed to prO(_:eed for approximately 595 255+-154 —100+05 -—214+29 —11.4+ 3.3
12 h. All solutions used in ITC experiments were degassed 300  1.30+0.02 —9.8+0.1 —222+03 -12.4+0.3
by evacuation. Samples of MASHBHLH and DNA were a Standard deviations from multiple measurements are giverom
extensively dialyzed against the same batch of buffer to Kx.: AG = —RTIn Ka. ¢ Calculated fromTAS= AH — AG.
minimize artifacts as a consequence of minor differences in
butfer comp03|_t|on. The reaction cell C.Of‘ta'.”ed 1'3.’3 mL Table 2: Dependence of the Thermodynamic Parameters of the
of 5 uM DNA in reaction buffer. The injection syringe  pNA Binding Reaction of MASH-BHLH on Buffer and pH
contained 184M MASH—BHLH in buffer and was rotated b
: S ) e T AG AH TAS

at 350 rpm during equilibration and experiment. Injections yffer pH (k)  (kcallmol)  (kcalimol)  (kcal/mol)
were started after equilibration to base line stability was

hed. Titrations consisted of 15 injections qgfl8and MCKS
reached. _ JeC MES 6.0 295 —11.1+0.2 -26.3+18 -152+20
14.8 s duration. The length of the intervals between PIPES 6.0 295 —10.7+0.3 —-24.1+05 -13.4+0.7
injections was 300 s. The titration data were corrected for PIPES 7.0 295 -10.6+0.3 -19.6+09 —9.0+1.0
the small heat changes observed in control titrations of SP-1
protein into buffer. Data analysis was performed with the MES 6.0 295 -10.4+05 -181+25 —7.7+3.0
software provided with the instrumertt§). The total heat ~ PIPES 6.0 295 —98+01 —19.8+£01 -100+01

S o PIPES 7.0 295 —10.44+0.3 -145+14 —-40+17
of binding, AH, and the association constait,, for the = Standard deviations T " "

: i : : : _ tandar eviations from multiple measurements are gierom
binding reaction were .obtalngd by nonlinear least squares, - easurement ¢t AG = —RTIn K. ¢ Calculated fronTAS =
fitting of the data to a 1:1 binding model (one BHLH dimer ,; _"Ag.
per DNA duplex) utilizing the Marquardt algorithm. Sto-
ichiometries of the fits to the 1:1 binding model agreed to
within £15%. RESULTS AND DISCUSSION

CD SpectroscopySpectra were measured on a Jasco J600 - . .
circular dichroism spectrometer at 293 K. For every pH Dependence of the Binding Reaction Studied by EMSA.

measurement, MASHBHLH was freshly diluted from a 10 monitor the effect of pH on the stability of the DNA
stock solution into 5 mM PIPESKOH, pH 7.0. Spectra  complexes of MASHBHLH with oligonucleotides contain-
were measured for a BHLH concentration of 104 in a ing an E-box and with heterologous DNA (Figure 1B), the.
cuvette of 0.1 mm path length. The concentration of the dissociation constants of the complexes were measured in
double-stranded oligonucleotide was&d. CD spectraof  electrophoretic mobility shift assays over the pH range from
DNA complexes of MASH-BHLH are reported as differ- 6.0 to 8.0. These experiments showed that the position of
ence spectra. the equilibrium of the binding reaction was only slightly
UV Spectroscopy. The optical melting curves were depe_n_dent on_the pH of the sol_ution _un_der these experimental
obtained on 5:M solutions of double-stranded MCK-S and conditions (Figure 2). The dl_ssomauon constants for the
SP-1 oligonucleotide using a Cary 1 Bio spectrophotometer. complexes of MASH-BHLH with both MCK-S and SP-1
The annealed DNA was dialyzed several times against high-DNA were slightly smaller at higher pH, while the specificity
salt MES buffer as described for the ITC experiments. This Of the binding reaction was not dependent on the pH of the
solution was transferredta 1 cmpath length quartz cuvette, ~ solution. Given the limited accuracy of thermodynamic data
and mineral oil was layered on top. Absorbance readings determined by EMSA, these results agreed with the data
at 260 nm were obtained in 1.5C increments for the  obtained from isothermal titration calorimetry experiments,
temperature range from @C to 90 °C. A full cycle (0 which showed that protonation did not take place on complex
°C—90 °C—0 °C) lasted 3.5 h, and the reported data are formation (Table 2) (vide infra). The majority of the ITC
the average of three cycles. experiments described below were therefore performed at
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Ficure 4: Thermal stability of the MCK-S@) and the SP-1@)
oligonucleotides. The optical melting profile of a/ solution of

the double-stranded oligonucleotides was measured at 260 nm. The
hyperchromicity is given as a function of the temperature. Hyper-
chromicity was calculated as 1060 [(Axed(T) — Azso(0 °C))/Azso(0

°C)].
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AH (kcal mol'l)
S

The melting curves of the MCK-S and the SP-1 oligo-
nucleotides at a concentration ofi®1 (the concentration

e e e s L e e e e e e used in the ITC experiments) were measured by UV
0.0 0.5 1.0 1.5 2.0 spectroscopy and showed a sharp transition at approximately

Molar Ratio 61 and 68°C, respectively (Figure 4). The hyperchroism

FicURe 3: Examples of isothermal titrations of MCK-3) and was less than 1% at temperatures below’@5(Figure 4),
SP-1 ) with MASH—BHLH. 5 uM DNA was titrated with 184 indicating that the stability of the duplex DNA did not
!r;hglysAcﬁHM_ABsHHL—l_éhnL:-?vé}ﬁqaelztr '\ggdseg“g‘;err rﬁtoligg lej I\IAEStgrSgS;: interfere with the accuracy of the ITC experiments.
Control titration of MASH-BHLH into MES-buffer @). Inset: raw The results descrlb_ed above were in good agreement with
data for the titration of MCK-S DNA (lower trace); control titration ~ €@rlier EMSA experiments which had also revealed that
of MASH—BHLH into low-salt MES buffer (upper trace). MASH-1 binds to DNA with low sequence specificit{Z,

14). They confirmed in a thermodynamically vigorous assay
pH 6, a value at which the solubility of MASHBHLH is the earlier finding that MASH-1 and most likely many other
sufficiently high even under high-salt conditions. BHLH proteins display only modest sequence specificity.

ITC Measurements of the Binding Reactidn.isothermal Itis interesting to discuss the low DNA binding specificity
titration calorimetry experimentsl®), the thermodynamic  in the context of the crystal structures of the DNA complexes
parameters and the stoichiometry of the binding reaction of E47 (7) and MyoD 6). The high affinity of these BHLH
between MASH-BHLH and the MCK-S and SP-1 oligo- proteins for DNA is a consequence of a large number of
nucleotides were determined by direct measurement of thecontacts formed between the phosphate backbone and amino
evolved heat as a function of temperature in the range from acid residues. No specific contacts exist between the proteins
12 °C to 32°C (Table 1 and Figure 3). For all titrations, and the central two base pairs of the E-box. Both in E47
the best fit of the experimental data to the binding isotherm and in MyoD, the carboxylate of a glutamate side chain is
was obtained under the assumption of one dimeric MASH hydrogen-bonded to the N(4) of cytosine and the N(6) of
BHLH binding per double-stranded oligonucleotide (Figure adenine. In both subunits of MyoD, additional hydrogen
3). Control titration of MASH-BHLH into buffer which bonds exist between O(6) and N(7) of guanine and one of
did not contain DNA gave rise to small endothermic peaks the N, of an arginine residue, while in E47 a hydrogen bond
of equal size within the limits of error (Figure 3). Overti- is formed between O(6) of guanine and the carbonyl of an
tration with a large excess of MASHBHLH did not reveal asparagine side chain in only one subunit. Obviously, MyoD
any sign of a second binding site as has been described forand E47 rely on only a small number of hydrogen bonds
other DNA—protein interactions19, 20. between amino acid residues and the nucleobases for specific

In low-salt MES buffer, the association constants for the DNA recognition, and this might explain the small amount
binding reaction between MASHBHLH and MCK-S and of sequence preference observed with these proteins at least
SP-1 were (3.43% 0.1) x 10’ M~ and (2.08+ 0.31) x 107 within the context of the moderate resolution of the X-ray
M~tat 12°C and (51.25+ 5.12) x 10° M~ and (5.144+ structures §, 7).

1.93) x 10’ Mt at 27 °C, respectively (Table 1). At 27 Thermodynamic Parameters of the Binding Reactidhe

°C, the concentration of MASHBHLH needed to bind half ~ binding reactions between MASHBHLH and the MCK-S

of the MCK-S oligonucleotides is therefore approximately and SP-1 oligonucleotides were strongly exothermic (Tables
1 order of magnitude lower than the concentration required 1 and 2). In all buffer systems studied, the enthalpies were
for half-maximal binding of the SP-1 oligonuclectide. more negative for binding to E-box-containing DNA than

The specificity of the binding reaction of MASHBHLH for the reaction with heterologous DNA sequences. The
was similar in low-salt PIPES buffer (Table 2) and with other values measured fakH in low-salt MES and PIPES buffer
heterologous DNA sequences (data not shown). The speci-were indistinguishable within the accuracy of the measure-
ficity of DNA binding was slightly lower in high-salt buffer ~ ment, indicating that no important protonation or deproto-
at pH 6 and in low-salt buffer at pH 7 (Tables 1 and 2). The nation step was involved in the binding reaction (Table 2).
measurement of the thermodynamic parameters in high-saltSuch a change in the protonation state would have led to
buffer at pH 7 was precluded by the low solubility of significantly altered values foAH in the two buffers.
MASH—BHLH under these conditions. Similar results were obtained for the DNA binding reactions

-20 -4
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Many other analyses of specific interactions between
proteins and DNA indicated that the change of the driving
force of the reaction took place within the physiological
temperature range so that the binding reaction is entropically
driven at low temperatures, but enthalpically driven at higher
=20 temperaturesl, 23, 28). Our results indicate a different
behavior for the interactions of MASHBHLH with DNA.
Although the entropy changes are favorable at very low
-30+ temperatures and strongly unfavorable at high temperatures
35 L L L L L (Figure 5C), the DNA binding reaction of MASHBHLH
-5 is enthalpy driven throughout the physiologically relevant
temperature range under the conditions used in this study
(Figure 5B). A few examples of enthalpically driven
association reactions have been described in the literature
(19, 20, 22).

As mentioned above, the enthalpies of the binding reaction
showed a strong dependence on the temperature. In good
agreement with the data reported in Figure 5B, heat capacity
changes were calculated under the assumptio¥igivas
temperature independent in the small temperature range
studied. Linear regression of the data in Figure 5B gave
AC, = —733 (£99) cal mott K- for the MCK-S oligo-
nucleotide andAC, = —575 (£105) cal mot! K2 for the
SP-1 oligonucleotide. These values are comparable to the
values reported for other association reactions between DNA
25+ and proteinsZ3, 24, 27, 29, 30). Large negative\C, values
2304 have first been encountered in protein folding. They are now
considered typical of specific proteibDNA recognition

T T T T T based on the stereospecific interaction of the complementary
285 290 295 300 305 protein-DNA interface @3, 31).
T [K] Coupling of MASH-BHLH Folding to DNA Binding.

Ficure 5: Thermodynamic profiles of the DNA binding reaction Changes in the exposure of nonpolar surface area are the

of MASH—BHLH in low-salt MES buffer as determined by titration ~ Major contributors to the heat capacity changes of DNA
calorimetry. (A) Plot of the free energy of bindingG, against binding reactions 32, 33). However, a more detailed

the temperature for titrations of MCK-&lf and SP-1 oligonucle-  analysis revealed th#C, also contains contributions from
otide (a) with MASH—BHLH. (B and C) Plots of the enthalpy ~ the changes in the water accessibility of the polar surface

>

AG (kcal/mol)

AH (kcal/mol) @

(@)

TAS (kcal/mol)

AH (B) and of TAS (C) against the temperature for titrations of

MCK-S (@) and SP-1 oligonucleotideaj with MASH—BHLH. area @6). Under the assumption that the change in polar
AC, was calculated by linear regression from the valuesAfit surface area is approximately 59% of the change in nonpolar
The equation of linear regression fit wA$l = —0.773 ¢0.099) surface areaan assumption which is justified in many
+190.4 (-29.5);R? = 0.95. binding reactions 46, 27, and references cited therein,

o ) o 19)—an empirical correlation betweexC, and the entropy

of the TATA binding protein 1) and of the transcription  change of the binding reaction due to the hydrophobic effect,
factor GCN4 (9). ASug, could be derivedd6). AS.e for the reaction between

The DNA binding reaction of MASHBHLH showed a MASH—BHLH and the MCK-S oligonucleotide was calcu-
strong dependence on the reaction temperature of thelated to be 357 cal K' mol~*. Due to the uncertainty in
measured enthalpgH (Figure 5B) and of the deriveBiAS the ratio of the polar and the nonpolar water-accessible
(Figure 5C), which compensate to mal& (Figure 5A) surface area, the errc_)rmsf is likely to bg approximatgly
almost temperature-insensitive, at least within the range 10% @7). However, it must be kept in mind that the direct
studied (Table 1). Such a behavior has been consistentlyca|CU|at'°” ofASe is also rather inaccurate mainly due to
observed for specific proteirDNA interactions 22—27). the significant error introduced through the determination
It is expected for any process which involves water as a Of the surface area from structural data.

solvent and which is characterized by a relatively latg® The. unfavorable entropic tgrquT resulting .from the
(vide infra) ©2). reduction in the available rotational and translational degrees

o ) of freedom of MASH-BHLH and the oligonucleotide upon

A notable feature of the binding reaction of MASH  5g50ciation was assumed to be independerfisand the
BHLH is the fact thatTy, the temperature at which the molecular mass of the reactants. A value—B0 cal K1
reaction enthalpy equals zero, is13 °C for binding to  mol-2 was usedZ7, 34). The conformation of the DNA is
specific and nonspecific DNA in low-salt MES buffer (Figure not changed significantly upon binding to BHLH proteins
5B). Ty is also well below O°C in high-salt MES buffer  such as MASH-1, and it remains essentially in the B-form
(Table 1). The value ofs, the temperature at which the (Figure 6) 6, 7, 9, 10, 12, 14, 35, and data not shown). Under
reaction entropy changes sign-i& °C for E-box-containing  these assumptions, the entropy change resulting from local
DNA and +2 °C for heterologous DNA (Figure 5C). protein folding transitions coupled to DNA binding and the
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- 104 residues§, 7). Therefore, an additional 26 of the 68 amino
3 acids of MASH-BHLH were in an unstructured conforma-
_g tion in the absence of DNA.

o~ The CD spectrum of equimolar amounts of the MASH
?,‘ BHLH dimer and double-stranded MCK-S oligonucleotide
¥ revealed a conformational change in part of the protein, in

c?” that the amount ofi-helicity was increased to approximately
= 85%, or 58 of the 68 amino acid residues (Figure 6). Similar
D results were obtained for the addition of 1 equiv of SP-1
= 12 oligonucleotiple to a soIL_Jtion of MASHBHLH (data not

190 2;0 25'0 3(']0 shown_). This obser_va_tlon could be _expla|r_1ed with t_he
formation of ana-helix in about 25 residues in the basic
A [nm] region of MASH-BHLH upon DNA binding. It agreed well
FIGURE 6: Characterization of the conformational behavior of with the results obtained from the ITC experiments.
MASH—BHLH by CD spectroscopy. Curve a, M MCK-S Earlier results had shown that MASHBHLH was largely
g'gfﬂ?‘gfrc\’/te'dg r(]?i?(tﬁﬁgtg]lnis&rﬁsfﬂ'g)};(_CS“;‘G% 2‘0% mgﬂi unfolded at the concentrations where DNA binding occurs
BHLH (equivalent to 5uM MASH—BHLH dimer). The contri- but adopted a m_a|_nlyL—heI|caI structure in the presence_of
bution from the free oligonucleotide (curve a) was subtracted from DNA (12, 14). Similarly, at least part of the BHLH domain
the spectrum of the complex. was found to fold upon dimerizatiori4), and under the

conditions of the ITC experiments, MASHBHLH was
number of residues involved in the folding transition could found to be mainly dimeric with the dimerization mediated
be calculated as 307 cal mélK~* and 54, respectivel\2{). through the stably folded helidoop—helix domain. How-
MASH-BHLH binds to DNA as a symmetrical dimer (vide ever, the experiments described above indicate that the basic
supra) (2), and therefore 27 amino acid residues of each region is unfolded even under the high concentration
subunit undergo a transition from an unordered to a well- conditions of the ITC experiments. In this context, it is
defined conformation upon DNA binding. Inspection of worthy of note that unfavorable interactions are formed
Figure 1A reveals that the N-terminal 27 amino acids between the positive charges of the side chains of arginines
comprise the entire basic domain, which is known to interact 119, 120, 123, and 127 when the basic region of MASH
directly with DNA (6, 7), and the N-terminal 2 amino acids BHLH forms ano-helix in the absence of DNA. However,
of helix-1. Because we have neglected the contribution to according to the X-ray structures of the DNA complexes of
the observed entropy change from the polyelectrolyte effect, MyoD and E47 6, 7), the a-helicity of the basic region
ASE (36, 37), the value reported might represent an upper allows these arginine residues to form stabilizing interactions
limit for the actual number of residues undergoing a folding with the DNA phosphate backbone, thereby also reducing
transition. Typical values foAS>e are between 10 and 60 the repulsive interactions between them.
cal mol* K™ (27). Measurements of the dependence of  In summary, ITC experiments, which, unlike other DNA
the equilibrium constant on the salt concentration by EMSA binding assays such as EMSA, filter binding experiments,
(data not shown) gave a value of 50 cal mdk~* for ASe or competitive DNA footprinting, are not inferential, have
in low-salt buffer @8), resulting in an increase of ap- shown that MASH-BHLH binds to DNA with low sequence
proximately 15% in the number of amino acid residues which specificity. The binding reaction is enthalpically driven
change conformation upon complex formation. In summary, throughout the whole physiological temperature range.
the ITC data suggest that DNA binding of the MASH  Dissection of the large negative heat capacity change
BHLH dimer is coupled to local folding of approximately ~measured for the binding reaction and CD spectroscopy
25 amino acid residues. indicated that the basic domain adoptedcahelical con-

In agreement with these data, nuclear magnetic resonancdormation only upon DNA binding. The X-ray structures
studies of the BHLH protein E47 showed that the basic of the DNA complexes of MyoD®&) and E47 {) revealed
region was in a random coil conformation in the absence of that the BHLH proteins form a “clamp” which wraps around
DNA even at the millimolar concentrations used inthe NMR the DNA. Therefore, a large kinetic barrier would be
experiments 39). The structure of the helixloop—helix expected for the association and dissociation reactions unless
domain of the E47 homodimer, on the other hand, was the helix in the basic region was not preformed in the free
preserved in solution when compared to the cocrystal protein @2). A similar situation is found in the binding

structures of E47 and DNAY}. reaction ofA-repressor where the N-terminal arm, which
CD Spectroscopic Studies of the Binding Reactidime wraps around the DNA in the operator complex, is flexible

nature of the change in the conformation of MASBHLH in solution @3), and in the transcriptional activators GCN4

upon DNA binding was further studied by circular dichroism and C/EBP {9, 44, 45).

spectroscopy. The CD spectrum of a 10@ solution of The association reaction between MASHBHLH and

MASH—-BHLH showed that, in the absence of DNA, the DNA could follow one of two mechanistic pathways. In
protein adopted a conformation which was approximately the first, electrostatic guidance directs the strongly positively
50% o-helical and 50% random coil (Figure 630, 41). charged basic regions of the monomeric MASBHLH
Increasing the MASHBHLH concentration did not change  subunits to the DNA binding sites. This interaction facilitates
the CD spectrum. According to the X-ray analyses of the the favorable interaction between the two HLH domains
DNA complexes of MyoD and E47, the unstructured loop which is necessary for dimerization. Such a mechanism is
connecting helix 1 and helix 2 consists of approximately eight followed, for example, by certain basic zipper proteid)(
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In the second possible association mechanism, the MASH
BHLH dimer is formed before it binds to DNA. We propose
that this second mechanism is followed within the context
of the cell. MASH-1 and the members of the MEF-2 family
of transcription factors synergistically activate transcription,

and this synergy is dependent on the direct physical interac-

tion

of the two DNA binding domains4(7, 48). Such an

interaction might lock MASH-BHLH in the dimeric form

and prevent dissociation into the monomeric subunits even

at concentrations well below the dimerization constant.
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