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Max is a basic region/helix-loop-helix/leucine zipper (b/HLH/Z) protein that forms a
hetero-complex with the Myc family proteins Myc, Mad, and Mxil, and a homo-complex
with itself. These complexes specifically bind to double-stranded DNA containing CACGTG
sequences. Here, we report on the structural properties in aqueous solution of a 109-amino-
acid protein, Max110, corresponding to the N-terminal domain of Max containing the b/
HLH/Z motif (residues 2-110), as characterized by combined use of circular dichroism (CD)
and sedimentation equilibrium experiments. The results showed that the ¢-helical content
of Max110 increases with increasing protein concentration. The sedimentation equilibrium
data indicated that Max110 exists as a monomer at low protein concentration, and forms a
dimer at high protein concentration. Further increases in the g-helical content of Max110
occur upon addition of DNA with the CACGTG recognition sequence. Thus, dimerization
and binding to DNA of Max both favor an increase of the a-helical content.

Key words: alternative splicing, circular dichroism, c-Mye¢, protein structure, sedimenta-

tion equilibrium.

The Myc family proteins which include ¢-Myc, N-Mye,

L-Myec (1), Max (2), Mad (3), and Mxil (4) have been ~

implicated in cell proliferation, differentiation, and neo-
plasia. These proteins have a basic region/helix-loop-helix/
leucine zipper (b/HLH/Z) motif in common. Through the
HLH/Z region, Max forms a hetero-complex with Myc
family proteins and forms homo-complexes with itself.
These complexes bind to duplex DNA containing a CAC-
GTG and related core sequences (E-box) and regulate
transcription of the target gene. The c-Myc-Max hetero-
complex transactivates the target gene through the trans-
activation domain of ¢-Myc (5, 6). On the other hand, Max,
Mad, and Mxil do not have a domain involved in trans-
activation, and therefore these Myc family proteins func-
tion as antagonists of Myc (3, 4).

The crystal structure of a complex between the b/HLH/
Z region of p22Max (from 22 to 113) and a 22-base-pair
duplex DNA containing the specific binding sequence
CACGTG was reported (7). The truncated Max binds to the
major groove of the CACGTG sequence as a homodimer
with its basic region forming a parallel, left-handed, four-
helix bundle in the HL.H region, and a parallel coiled coil in
the leucine zipper region. This study clearly demonstrated
the structural basis of DNA binding. Structural studies of
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several b/Z, b/HLH, and b/HLH/Z proteins have been
reported. For example, the crystal structure of the b/Z
protein GCN4 exhibits the coiled coil structure required for
dimerization (8, 9). The structure of the b/HLH protein
MyoD was investigated by using circular dichroism (CD)
and nuclear magnetic resonance (NMR) spectroscopy. The
results indicated that the a-helical content of MyoD in-
creases with increasing concentration of the protein or upon
binding to the specific DNA recognition sequence (10) and
that the b/HLH motif forms a left-handed, four helix
bundle structure (11). The b/HLH/Z proteins TFEB (12)
and USF (13) have also been investigated by CD spectros-
copy. The «-helical content of intact USF increases upon
binding to DNA. However, there have been no reports
regarding the conformational changes occurring in b/HLH/
Z protein Max. The first aim in this study, therefore, was to
determine the structural properties of the Max b/HLH/Z
domain in solution.

Max occurs mainly in two alternative forms (2);
p22Max, which has 160 amino acid residues, and p21Max,
which consists of 151 amino acid residues. p21Max formed
by alternative splicing lacks 9 amino acids upstream of the
basic region of p22Max, which causes a reduction of the
DNA-binding activity (14). Max has a casein kinase II
phosphorylation site upstream of the splicing region (15),
and phosphorylation of this site also causes a reduction of
the DNA-binding ability. Therefore, it is also of interest to
examine the structural properties of the N-terminal region
of Max. .

To understand better the function-structure relationship
and structural features of the N-terminal and b/HLH/Z
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regions of Max, we prepared a 109-amino-acid residue
protein, Max110, which consists of the N-terminal to b/
HLH/Z regions of Max (residues 2-110) and studied the
structural properties of Max110 at various protein concen-
trations and with various concentrations of DNA by com-
bined use of circular dichroism (CD) and sedimentation
equilibrium experiments.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The construct
encoding Max110 contained b/HLH/Z for DNA binding,
the casein kinase II phosphorylation site (Ser1ll) and the
alternatively spliced segment for regulation of the DNA-
binding affinity of Max (Fig. 1). Max110 DNA fragments
corresponding to amino acids 1 to 110 were amplified
directly from a human fetal brain ¢cDNA library by poly-
merase chain reaction. The DNA fragments were cloned
into a pQE expression vector (QIAGEN). The sequences of
the Max110 fragments in the expression vector were
confirmed and the plasmid was transformed into Escheri-
chia coli SG13009 [pREP4]. Cells containing the Max110
expression vector were grown at 37°C in 1,000 ml of super
medium until the absorbance at 600 nm reached 1.0. Then,
isopropyl-3-D-thiogalactopyranoside (2 mM) was added to
induce expression. Cells were harvested 4 h after induction
by centrifugation, lysed in 20 ml of cell lysis buffer (50 mM
sodium phosphate buffer (pH 6.0}, 8 M urea], and incubat-
ed overnight at 4°C. The supernatant of the lysate was
recovered by centrifugation, and fractionated by addition
of an equivalent volume of saturated ammonium sulfate
solution to 50% saturation. The supernatant fraction con-
taining Max110 was separated and saturated ammonium
sulfate solution was added to 80% saturation. The precipi-
tates were collected by centrifugation and dissolved in 100
ml of the cell lysis buffer. The solution was applied to a
column of cation exchange resin, HiTrap SP column (Phar-
macia). The protein was eluted with a linear gradient of
NaCl (0-0.5 M) in cell lysis buffer. Fractions containing
Max110 were pooled and were applied to a gel-filtration
column of Superdex 75pg (Pharmacia), pre-equilibrated
with 20 mM sodium phosphate buffer (pH 6.8), 150 mM
NaCl, 10 mM MgCl,. The Max110 fractions were concen-
trated by ultrafiltration. The concentration of the purified
protein was determined from the absorbance at 275 nm
using a molar absorption coeflicient (&) of 2,680 M~!-cm™*
(Max110 contains two Tyr residues). The N-terminal
amino acid sequence was confirmed with an automated
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SDNDDIEVE SDEEQPRFQS AADKRAHHNA LERKRRDHIK DSFHSLRDSV PSLOGEKASR
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Fig. 1. Schematic representation of Max110 protein. Regions of
the protein are indicated: b, basic region; H1, helix 1; L, loop; H2,
helix 2; Z, leucine zipper. The amino acid sequence of Max110 protein
used in this study is indicated on the figure with the amino acid
numbering of the intact p22Max protein. The alternatively spliced
region and casein kinase II phosphorylation site are indicated as
underlined and boldfaced amino acid residues, respectively.
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protein sequencer (Shimadzu model PPSQ-10) based on the
Edman degradation method, and showed full agreement
with the published sequence (2), except for the first
methionine (data not shown). Thus, the overexpressed
Max110 was composed of 109-amino-acid residues (Ser2-
GIn110). The biological activity of the recombinant
Max110 was examined by electrophoretic mobility shift
assay which demonstrated that the protein bound effi-
ciently to double-stranded CM3 DNA containing the E-box
sequence (data not shown). This allowed us to use the
recombinant protein for further spectroscopic analyses.

Preparation of Double-Stranded DNA—Double-strand-
ed CM3 DNA was prepared by annealing of two oligonu-
cleotides of the following sequences: CM3A, 5CCCCCAA-
CACGTGTTGCCTGAS3’, and CM3B, 5 TCAGGCAACAC-
GTGTTGGGGG3 (16). CM3 DNA, containing a CACGTG
sequence and the flanking sequences, is the same, except for
the two base pairs next to the core sequence, as CM1 DNA
which was originally selected as c-Myc binding DNA (17).
These oligonucleotides were synthesized using standard
phosphoramidite chemistry, and purified with OPC car-
tridges (Applied Biosystems). Equimolar amounts of
CM3A and CM3B oligonucleotides in 20 mM sodium
phosphate buffer (pH 6.8), 150 mM NaCl, 10 mM MgCl,
were annealed by heating at 95°C for 5 min, then cooling to
4°C.

Circular Dichroism Study—CD spectra were measured
on a JASCO J-720 spectropolarimeter with 1 mm and 10
mm path-length quartz cells at 37°C. All samples were
dissolved in 20 mM sodium phosphate buffer (pH 6.8), 150
mM NaCl, 10 mM MgCl,. CD spectra were scanned four
times for each sample, averaged, and smoothed using
software provided by the manufacturer. In the experiment
in which the protein concentration was varied, the CD
spectrum of the buffer alone as a blank was subtracted from
the raw data. In the titration experiment with DNA, the
spectrum of DNA alone as a blank was measured for each
DNA concentration and subtracted from the raw data. The
a-helical content (f;) was estimated from the ellipticity
value at 222 nm ([ #];,;) by using the equation:

fi=—([6]222+2340)/30300 (18).

Sedimentation Equilibrium—In the sedimentation equi-
librium experiment, a Beckman XL-A Optima Analytical
Ultracentrifuge equipped with absorbance optics and an
An-60Ti rotor were used. Sample solutions of 5, 10, 25, and
50 M Max110 in 20 mM sodium phosphate (pH 6.8), 150
mM NaCl, 10 mM MgCl, were loaded in a charcoal-filled
Epon six-channel center piece and spun at 18,000 rpm for
24 h at 37°C. Sedimentation data were acquired as averages
of four absorbance measurements per radial position at a
nominal radial spacing of 0.001 cm at 214, 225, 232, and
236 nm for 5, 10, 25, and 50 M samples, respectively. The
partial specific volume calculated from the amino acid
composition at 37°C was 0.721 ml/g (19). The density of
the solvent at 37°C was 0.993 g/ml.

The fitting equation used for the single ideal species
model was:

Ar=Aexp{[M(1-p7) *]/2RT }(x*— %% (1)

where A, and A, are the absorbance values for a 1.2 em
path-length at radius x and at reference radius x,, respec-
tively, M is the gram molecular weight of particles (vari-
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able), v is the partial specific volume of the protein, p is the
density of the solvent, w is the angular velocity of the rotor,
R is the gas constant (8.314 X 107 erg-mol~'-K!), and T is
the temperature in degrees Kelvin. This equation was used
to evaluate the average molecular mass. The fitting equa-
tion used for the monomer-dimer equilibrium model was:

Ar=A,exp{[M(1—-p?)w*]/2RT}(x* - %7)
+Azoexp{(2M(1—-pT)@’)/2RT H(x*— %)  (2)

where A,, and A,, are the absorbance of monomer and
dimer, respectively, for a path-length of 1.2cm at re-
ference radius x,. Extinction coefficients of 1.270x 10%,
0.592x10°% 0.238x10%, and 0.115X 10° M~ !-cm™ at 214,
225, 232, and 236 nm, respectively, were used to convert
the absorbance into protein concentration.

Calculation of Dissociation Constant from Circular
Dichroism Data—The dissociation constant of the dimer
was determined by curve-fitting of the protein concentra-
tion dependence data to the following equations using a
non-linear least-squares fitting program (KaleidaGraph,
Synergy Software). The ellipticity can be expressed as a
function of the ellipticities of the pure monomer and dimer:

[0]222:([M]/[M]lolal)[e]M+(2[D]/[M]lmal)[6]l()3)

(Mo =[M]+2(D]) 4

where [6]\ and [ 8], represent the ellipticity values at 222
nm for the monomeric and dimeric states, respectively.
{M] and [D] are the monomer and dimer concentrations,
respectively. [M),oe: is the total protein concentration
expressed in monomer units. Equation 5 can be derived
from Egs. 3 and 4:

(8222 =([8Tm—[610) [(M]iotar + [0 (5)
The dissociation constant is expressed as
K,=[M]?/[D] (6)

where K, is the dissociation constant of the dimer. From
Egs. 4, 5, and 6, Eq. 7 can be derived:

(8)22e=([8)m— [0]o){ — Ko+ [Ks (Ka+8[M]rowa)]'*}/

4[( Mo+ (8]0 (7)
The CD data was fitted to this equation using KaleidaGraph
taking (6]u, [#]o, and Ky as variable parameters.

RESULTS

Circular Dichroism Spectra of Max110 at Various
Protein Concentrations—The concentration dependence of
the far-UV CD spectra was investigated to examine the
secondary structure of Max 110. In the range of 0.5-75 uM
in 20 mM sodium phosphate buffer (pH 6.8), 150 mM
NaCl, 10 mM MgCl, at 37°C, Max110 exhibited a charac-
teristic spectrum with double minima at 208 and 222 nm
indicating the presence of «-helices (Fig. 2A) (20). In the
range of 0.5-75 M, the absolute value of [#],;, increased
from 6,100 to 17,600. The intensity of the a«-helix-as-
sociated CD bands increased with increasing Max110
concentration (Fig. 2B), indicating a concentration-depen-
dent increase in the «-helical content of Max110.

Sedimentation Equilibrium of Max110—To examine
whether the change in the a-helical content dependent on
the protein concentration was due to a change in the
monomer-dimer or monomer-oligomer equilibrium, the
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sedimentation equilibrium method was applied to Max110
at 37°C. For ultracentrifugation, samples of Max110 were
prepared with initial protein concentrations of 5, 10, 25,
and 50 #M in 20 mM sodium phosphate buffer (pH 6.8),
150 mM NaCl, 10 mM MgCl,. Centrifugation was carried
out at 18,000 rpm and at 37°C for 22h. The protein
concentration at equilibrium was plotted as a function of
the radial position for each concentration (Fig. 3). The
weight-average molecular mass for each sample was esti-
mated using the equation for the single ideal species model
(Eq. 1), treating A, and M as variable parameters (Table
I). The weight-average molecular mass values increased
with increasing initial protein concentration and were
higher than that of the monomer (12,800 Da) but lower
than that of the dimer (25,600 Da). Next, the correspon-
dence of the results to the monomer-dimer equilibrium
model was examined according to Eq. 2, treating 4,, and
A, as variable parameters and M as a constant at 12,800.
The data were in agreement with the monomer-dimer
equilibrium model at concentrations between 2 and 62 ¢ M.

1 ] ] 1 1

-20
200 210 220 230 240 250 260
Wavelength (nm)

[0 ):22 X 10° (degecm?/ dmol)

0 10 20 30 40 50 60 70 80
Protein concentration (uM)

Fig. 2. Protein concentration-dependent CD change. (A) Far-
ultraviolet CD spectra of Max110 at different protein concentrations
in 20 mM sodium phosphate buffer (pH 6.8), 150 mM NaCl, 10 mM
MgCl, at 37°C. Protein concentrations (top to bottom): 0.5, 2.5, 10.0,
and 50.0 «M. (B) CD-protein concentration profile for Max110 in 20
mM sodium phosphate buffer (pH 6.8), 150 mM NaCl, 10 mM MgCl,
at 37°C as monitored with the mean residue (8] at 222 nm. The solid
line represents the best-fit curve to the equation for the two-com-
ponent equilibrium model.
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The dimer dissociation constant (Ky) calculated from A, ,
and A,, of each sample was 12X 107° M. The correspon-
dence of the results with monomer-dimer-trimer and
monomer-dimer-tetramer equilibria was also examined.
However, the estimated concentrations of trimeric and
tetrameric species were nearly zero or negative. Therefore,
Max110 is predominantly in an equilibrium between
monomers and dimers in solution at 37°C.

Curve-Fitting of Circular Dichroism Data Used for
Monomer-Dimer Equilibrium Model—On the basis of the
results of the sedimentation equilibrium experiment, the
CD data were fitted to the monomer-dimer equilibrium
model expressed as Eq. 7, treating (6]m, (#]p, and K, as
variable parameters (Fig. 2B). The calculated K, is 8 X 10~¢
M, which is similar to the K, value derived from the
sedimentation equilibrium data. The calculated [8]n
was — 4,900, which corresponds to an a-helical content of
8%, which in turn implies that 9 amino acid residues are in

2-5 T T T

Residual (uM)

Protein concentration (uM)

0
6.40 6.45 6.50 6.55 6.60
Radius (cm)

Fig. 3. Influence of the initial protein concentration of Max110
on sedimentation equilibrium at 18,000 rpm. The protein concen-
tration (expressed as monomer unit concentration) calculated from
the absorbance is plotted as a function of the radial position for
Max110. The initial protein concentration was 25 M. Equilibrium
data at 37°C (O) were fitted to the monomer-dimer equilibrium model
(solid line). The plot also shows the calculated concentrations of the
monomer (dotted line) and dimer (broken line) at 37°C. Upper panel:
Plot of residuals from the fit to the monomer-dimer model.

TABLE 1. Sedimentation equilibrium results of Max110 at
37°C. Initial protein concentration is described in terms of monomer
units. The weight-average molecular mass was obtained assuming no
self-association by fitting the sedimentation data to the single ideal
species model.

Initial protein concentration

Weight-average molecular mass

uM) (Da)

5 17,000+200
10 18,600+ 100
25 20,200+ 100
50 20,600+100

M. Horiuchi et al.

the a-helical conformation (Table II). The [#], was
—20,500, which corresponds to an a -helical content of 60%

TABLE II. Summary of the circular dichroism experiments
with Max110 alone and Max110-DNA complex at 37°C. The
a-helical contents of the monomeric and dimeric Max110 were
calculated from [6)m and (8], obtained by the curve-fitting experi-
ment. The maximum «-helical content in the presence of DNA was
calculated from (#];,, for the mixture of 30 «M Max110 and 30 xM
double-stranded CM3 DNA.

a-helical content

Calculated number of amino

Sample per monomer acid residues involved
(%) in a-helix
Max110 monomer 8 9
Max110 dimer 60 65
Max110 dimer-DNA 80 87
A

CM3: 5-.CCCCCAACACGTG TTGCCTGA-3'
3-GGGGGTTGTGCAC AACGGACT-5'

[6] x 10 (deg*cm?/ dmol)

_30 1 1 1. 1
200 220 240 260 280 300

Wavelength (nm)

[6]222 x 10° (degecm?/ dmol)
NN = o
R N (=] [e-] [=>]

n
o

1 1 1 L

0 5 10 15 20 25 30
DNA concentration (uM)

Fig. 4. Effects of DNA concentration on CD spectra. (A) CD
spectra of Max110 (30 uM) in the presence of CM3 DNA. The
sequence of the double-stranded CM3 DNA is displayed above the
graph. The spectra were measured in 20 mM sodium phosphate buffer
(pH 6.8), 150 mM NaCl, 10 mM MgCl, at 37°C in the presence of 0,
1, 5, 10, 15, and 30 M CM3. (B) CD-DNA concentration profile for
Max110 (30 zM) as titrated with CM3 DNA and monitored with [§]
at 222 nm. CD spectra were measured in 20 mM sodium phosphate
buffer (pH 6.8), 150 mM NaCl, 10 mM MgCl, at 37°C. The CD data
were corrected by subtracting the [6],,, of DNA alone from those of
the protein-DNA mixture.
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or 65 amino acid residues in the a-helix. Thus, Max110
forms an «-helical dimer from unstructured monomers at
high protein concentration.

Circular Dichroism Spectra of Max110 in the Presence
of DNA—CD spectra of Max110 (30 M), in the presence
of various concentrations of CM3 DNA containing one Max
recognition hexamer sequence, were measured to examine
the effect of DNA binding on the secondary conformation of
Max110 (Fig. 4). The absolute value of [#];;, showed a
marked increase on addition of the DNA. The [#],,, value
reached a plateau at DNA concentrations around 15 xM.
The observation that DNA concentration at saturation (15
uM) corresponded to half of the Max110 concentration (30
uM) suggests that the stoichiometry of the DNA binding is
one Max110 dimer to one DNA duplex recognition se-
quence. The resulting «-helical content was 80%, which
corresponds to 87-amino-acid residues in the «-helices.

When a DNA, in which the central two bases (CG) of the
CACGTG core sequence are replaced with GC, is used, the
increase in the absolute value of [8],., on addition of DNA
is considerably smaller (about 80%) with than that when
CMa3 is used (Horiuchi, M., unpublished data).

DISCUSSION

We examined the structural properties of the b/HLH/Z
protein Max110 in solution. The «-helical content of
Max110 increased with increasing protein concentration.
Sedimentation equilibrium analysis revealed that this
result can be explained by the monomer-dimer equilibrium
of Max110. Interaction of Max110 with the CM3 DNA
oligomer induced further increases in the @ -helical content.
Therefore, «-helix formation of Max110 is induced by two
processes; dimerization and DNA binding.

The «-helical contents of other transcription factors, i.e.
the b/HLH region of MyoD (10) and the b/Z region of
GCN4 (21), have also been reported to be concentration-
dependent. Similar results were also reported for the
leucine zipper fragments of ¢-Myc, TFEB (22), and Max
(23). These phenomena can be explained by conformational
changes from unstructured monomers to «-helical dimers
or to a-helical tetramers. Sedimentation equilibrium
analysis confirmed that the change in the a-helical content
of Max110 is correlated with dimerization, which facili-
tates a-helical conformation.

From the results of curve-fitting analysis for protein
concentration dependence, the saturated «-helical content
was 60% which corresponds to 65-amino-acid residues
involved in the helical structure. In the crystal structure of
a truncated Max (22-113)-DNA complex, helix 1 (15 amino
acid residues}, helix 2 (15 amino acid residues), and leucine
zipper regions (28 amino acid residues) form «-helices
including a total of 58 amino acid residues per monomer and
the C-terminal region beyond Leul02 adopts a random coil
conformation (7). Thus, we suggest that the a-helical
regions of Max110 dimers consist of the helix 1, helix 2,
leucine zipper, and another region, probably the N-termi-
nal region preceding the basic domain. Quite recently, the
crystal structure of a complex between intact p21Max and
a 13-mer DNA was reported (24). The basic region and the
preceding N-terminal region (9 amino acids shorter than
that in p22Max) form «-helices in the complex.

In the presence of DNA, the saturated a-helical content
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of Max110 was 80%, which corresponds to 87 amino acid
residues involved in the helical structure (see Table II).
This implies that 29 amino acid residues are included in the
a-helical conformation in addition to the H1, H2, and Z
segments (total 58 amino acid residues). DNA-dependent
a-helix formation within the basic region, the DNA binding
domain, has been reported for other b/HLH/Z proteins
(TFEB and USF), b/Z protein (GCN4), and b/HLH protein
(MyoD). The basic region of Max110, which consists of 15
amino acid residues (Ala22-Arg36), also might form an
a-helix.

The b/HLH proteins MyoD (10) and myogenin (25), and
the b/HLH/Z proteins Myc (26), TFEB (27), and USF
(13) have been shown to exist as tetramers in the absence
of DNA. The b/HLH/Z domain of USF forms a stable
tetramer in the absence of DNA when the leucine zipper
motif is intact. The tetrameric USF can bind to two
independent DNA sites and plays an important role in gene
activation. As the amino acid sequence of Max is similar to
that of USF within the b/HLH/Z region, we would expect
similar oligomerization properties for the two proteins.
However, the results of the present study demonstrated
that Max110 exists in a monomer-dimer equilibrium which
is dependent on the protein concentration. As shown by
sedimentation equilibrium analysis, inclusion of terms for
higher order assemblies such as tetramers did not improve
the fit (Fig. 3). Therefore, the multimerization properties
of Max110 are different from those of Myc, USF, and other
structurally similar proteins.

The present study revealed that the «-helical content of
Max110 is enhanced by two processes; dimerization and
DNA binding. We also found that a part of the N-terminal
region upstream of the basic region of Max110 can be
incorporated into the a-helix. The structure of the Max b/
HLH/Z domain and intact p21Max have been determined
by X-ray crystallography (7, 24), but that of the N-
terminal region which modulates the DNA binding ability
and biological function has not been determined yet in
solution. Max110 is a good model protein for elucidation of
the role of the N-terminal region of b/HLH/Z proteins.

We thank Prof. Yoshie Kurihara and Dr. Satoru Nirasawa (Yokohama
National University) for their advice and help in the amino acid
sequence analysis.

REFERENCES

1. Liischer, B. and Eisenman, R.N. (1990) New light on Myc and
Myb. Part I. Myc. [(Review). Genes & Dev. 4, 2025-2035

2. Blackwood, E.M. and Eisenman, R.N. (1991) Max: A helix-loop-
helix zipper protein that forms a sequence specific DNA-binding
complex with Myec. Science 251, 1211-1217

3. Ayer, D.E., Kletzner, L., and Eisenman, R.N. (1993) Mad: a
heterodimeric partner for Max that antagonizes Myc tran-
scriptional activity. Cell 72, 211-222

4. Zervos, A.S., Gyuris, J., and Brent, R. (1993) Mxil, a protein
that specifically interacts with Max to bind Myc-Max recognition
sites. Cell 72, 223-232

5. Kletzner, L., Blackwood, E.M., and Eisenman, R.N. (1992) The
Myc and Max proteins possess distinct transcriptional activities.
Nature 359, 426-429

6. Gu, W., Cechova, K., Tassi, V., and Dalla-Favera, R. (1993)
Opposite regulation of gene transcription and cell proliferation by
¢-Myc and Max. Proc. Natl. Acad. Sci. USA 90, 2935-2939

7. Ferré-D’Amaré, A.R., Prendergast, G.C., Ziff, E.B., and Burley,
S.K. (1993) Recognition by Max of its cognate DNA through a

2102 ‘2 5800100 uo Aisieniun Bued e /Hlo'sjeulnolpioxo-qly/:dny woly papeojumoq


http://jb.oxfordjournals.org/

716

10.

11.

12.

13.

14.

15.

16.

17.

18.

dimeric b/HLH/Z domain. Nature 363, 38-45

. O’Shea, E.K., Klemm, J.D., Kim, P.S., and Alber, T. (1991)

X-ray structure of the GCN4 leucine zipper, a two-stranded,
parallel coiled coil. Science 254, 539-544

. Ellenberger, T.E., Brandl, C.J., Struh), K., and Harrison, S.C.

(1992) The GCN4 basic region leucine zipper binds DNA as a
dimer of uninterrupted a helices: Crystal structure of the
protein-DNA complex. Cell 71, 1223-1237

Anthony-Cahill, S.J., Benfield, P.A., Fairman, R., Wasserman,
Z.R., Brenner, S.L., Stafford III, W.F., Altenbach, C., Hubbel,
W.L., and DeGrado, W.F. (1992) Molecular characterization of
helix-loop-helix peptide. Science 255, 979-983

Starovasnik, M.A., Blackwell, T.K., Laue, T.M., Weintraub, H.,
and Klevit, R.E. (1992) Folding topology of the disulfide-bonded
dimeric DNA-binding domain of the myogenic determination
factor MyoD. Biochemistry 31, 9891-9903

Fisher, D.E., Parent, L.A., and Sharp, P.A. (1993) High affinity
DNA-binding Myc analogs: Recognition by « -helix. Cell 72, 467-
476

Ferré-D’Amaré, A.R., Pognonec, P., Roeder, R.G., and Burley,
S.K. (1994) Structure and function of the b/HLH/Z domain of
USF. EMBO J. 13, 180-189

Prochownik, E.V. and VanAntwerp, M.E. (1993) Differential
patterns of DNA binding by myc and max proteins. Proc. Natl.
Acad. Sci. USA 90, 960-964

Berberich, S.J. and Cole, M.D. (1992) Casein kinase II inhibits
the DNA-binding activity of Max homodimers but not Myc/Max
heterodimers. Genes & Dev. 6, 166-176

Blackwell, T.K., Huang, J., Ma, A., Kretzner, L., Alt, F. W,
Eisenman, R.T., and Weintraub, H. (1993) Binding of Myc
proteins to canonical and noncanonical DNA sequences. Mol. Cell.
Biol. 13, 5216-5224

Blackwell, T.K., Kretzner, L., Blackwood, E.M., Eisenman,
R.N., and Weintraub, H.C. (1990) Sequence-specific DNA
binding by the ¢-Myc protein. Science 250, 1149-1151

Chen, Y.-H., Yang, J.T., and Martinez, M. (1972) Determination

19.

20.

21.

22.

23.

24,

25.

26.

27.

M. Horiuchi et al.

of the secondary structures of proteins by circular dichroism and
optical rotatory dispersion. Biochemistry 11, 4120-4131

Laue, T.M., Bhairavi, D.S., Ridgeway, T.M., and Pelletier, S.L.
(1992) Analytical Ultracentrifugation in Biochemistry and
Polymer Science (Harding, S.E., Rowe, A.J., and Horton, J.C.,
eds.) pp. 90-125, The Royal Society of Chemistry, Cambridge
Greenfield, N. and Fasman, G.D. (1969) Computed circular
dichroism spectra for the evaluation of protein conformation.
Biochemistry 8, 4108-4116

Weiss, M.A., Ellenberger, T., Wobbe, C.R., Lee, J.P., Harrison,
S.C., and Struhl, K. (1990) Folding transition in the DNA-bind-
ing domain of GCN4 on specific binding to DNA. Nature 347,
575-578

Muhle-Goll, C., Gibson, T., Schuck, P., Schubert, D., Nalis, D.,
Nilges, M., and Pastore, A. (1994) The dimerization stability of
the HLH-LZ transcription protein family is modulated by the
leucine zippers: A CD and NMR study of TFEB and c-Mye.
Biochemistry 33, 11296-11306

Muhle-Goll, C., Nalis, D., and Pastore, A. (1995) The leucine
zippers of the HLH-LZ proteins Max and c-Myc preferentially
form heterodimer. Biochemistry 34, 13554-13564

Brownlie, P., Ceska, T.A., Lamers, M., Romier, C., Stier, G.,
Teo, H., and Suck, D. (1997) The crystal structure of an intact
human Max-DNA complex: new insights into mechanisms of
transcriptional control. Structure 5, 509-520

Farmer, K., Catala, F., and Wright, W.E. (1992) Alternative
multimeric structures affect myogenin DNA binding activity. oJ.
Biol. Chem. 267, 5631-5636

Draeger, L.J. and Mullen, G.P. (1994) Interaction of the bHLH-
zip domain of ¢-Myc with H1-type peptides. J. Biol. Chem. 269,
1785-1793

Fisher, D.E., Carr, C.S., Parent, L.A., and Sharp, P.A. (1991)
TFEB has DNA-binding and oligomerization properties of a
unique helix-loop-helix/leucine zipper family. Genes & Dev. 5,
2342-2352

J. Biochem.

2102 ‘2 5800100 uo A1sieniun Bunpd e /Biosfeulnolpioixo-qly/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

