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The oncoprotein c-Myc (a member of the helix-loop-helix-leucine zipper
(b-HLH-LZ) family of transcription factors) must heterodimerize with the
b-HLH-LZ Max protein to bind DNA and activate transcription. It has
been shown that the LZ domains of the c-Myc and Max proteins speci®-
cally form a heterodimeric LZ at 20�C and neutral pH. This suggests that
the LZ domains of the c-Myc and Max proteins are playing an important
role in the heterodimerization of the corresponding gene products in vivo.
Initially, to gain an insight into the energetics of heterodimerization, we
studied the stability of N-terminal disul®de-linked versions of the c-Myc
and Max homodimeric LZs and c-Myc-Max heterodimeric LZ by ®tting
the temperature-induced denaturation curves monitored by circular
dichroism spectroscopy. The c-Myc LZ does not homodimerize (as pre-
viously reported) and the c-Myc-Max heterodimeric LZ is more stable
than the Max homodimeric LZ at 20�C and pH 7.0. In order to determine
the critical interhelical interactions responsible for the molecular recog-
nition between the c-Myc and Max LZs, the solution structure of the dis-
ul®de-linked c-Myc-Max heterodimeric LZ was solved by two-
dimensional 1H-NMR techniques at 25�C and pH 4.7. Both LZs are
a-helical and the tertiary structure depicts the typical left-handed super-
helical twist of a two-stranded parallel a-helical coiled-coil. A buried salt
bridge involving a histidine on the Max LZ and two glutamate residues
on the c-Myc LZ is observed at the interface of the heterodimeric LZ.
A buried H-bond between an asparagine side-chain and a backbone car-
bonyl is also observed. Moreover, evidence for e-g interhelical salt bridges
is reported. These speci®c interactions give insights into the preferential
heterodimerization process of the two LZs. The low stabilities of the Max
homodimeric LZ and the c-Myc-Max heterodimeric LZ as well as the
speci®c interactions observed are discussed with regard to regulation of
transcription in this family of transcription factors.
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Introduction

The proteins from the proto-oncogene myc
family (c-Myc, N-Myc and L-Myc) are thought to
govern important cellular processes such as cell
cycle entry, proliferation and differentiation
(Henriksson & LuÈ scher, 1996, and references there-
in). To bind to DNA, activate transcription and
perform its oncongenic activity, c-Myc has to het-
erodimerize with the protein Max (Blackwood &
Eisenman, 1991; Amati et al., 1992, 1993; Kretzner
et al., 1992). Max is also known to heterodimerize
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Figure 1. A, Primary structures of the c-Myc (Battey
et al., 1983) and Max (Prendergast et al., 1991) LZs dis-
played with the classical a-b-c-d-e-f-g heptad repeat pat-
tern. B, Helical wheel diagram of the c-Myc-Max
heterodimeric LZ. Thin arrows describe putative interhe-
lical electrostatic interactions described elsewhere
(Lavigne et al., 1995; Muhle-Goll et al., 1995). Synthetic
peptides were N-acetylated and C-amidated. The homo-
dimeric and heterodimeric LZs were disul®de-linked by
air oxidation of the cysteine side-chains.
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with proteins from the mad family (Mad, Ayer et al.,
1993; Mad3, Mad4, Hurlin et al., 1995; and Mxi1,
Zervos et al., 1993) as well as the newly discovered
protein Mnt (Hurlin et al., 1997). Mad-Max, Mad3-
Max, Mad4-Max, Mxi1-Max and Mnt-Max hetero-
dimers behave as c-Myc antagonists. All the Max
heterodimers and the Max homodimer have been
shown to bind the same DNA sequence
(Henriksson & LuÈ scher, 1996; Hurlin et al., 1997).
The Max protein is long lived and expressed at a
nearly constant level so that the cellular activities
of the proteins of the short lived Myc and Mad
families are thought to be controlled by the level
and the temporal pattern of expression of their cor-
responding genes (Henriksson & LuÈ scher, 1996).
The association of Max with its partners is thought
to occur through the heterodimerization of their
HLH-LZ domains. The crystal structure of the Max
homodimer bound to its cognate DNA sequence
revealed that the HLH domains fold into a parallel
four-helix bundle and that LZ domains fold as a
parallel two-stranded a-helical coiled-coil (FerreÂ-
D'AmareÂ et al., 1993). Although Max can homodi-
merize and bind DNA, none of its partners can.
This underscores the importance for ef®cient mol-
ecular recognition of the Max partners through the
heterodimerization of HLH-LZ domains. In this
context, it is important to investigate the putative
role of the LZ domains of this sub-family of tran-
scription factors in the molecular recognition of
Max and its partners.

In two previous studies, it was shown that the
c-Myc and Max LZs preferentially form a heterodi-
mer (Lavigne et al., 1995; Muhle-Goll et al., 1995).
This has led to the proposal that the LZ domains
of Max and c-Myc are responsible for the speci-
®city or molecular recognition in vivo. In the same
two studies, molecular models describing interheli-
cal salt bridges and hydrogen bonds that might be
responsible for the speci®city were described.
A salt bridge between an unusual histidine at a
position d on the Max LZ and two glutamate resi-
dues at positions a on the c-Myc LZ was proposed
to be critical for molecular recognition (Lavigne
et al., 1995). The existence of the salt bridge in that
model was supported by the fact that the pKa

value of the histidine in the folded form of the
c-Myc-Max heterodimeric LZ was elevated com-
pared to the pKa value in the unfolded form
(Lavigne et al., 1995). Interestingly, an acidic
residue is conserved in the LZ domains of all the
Max interacting proteins known to date in the
corresponding position of one of the glutamate
residues proposed to interact with the histidine on
the Max LZ.

Here we describe the solution structure of the
c-Myc-Max heterodimeric LZ and the relative stab-
ilities of the N-terminal disul®de-linked c-Myc and
Max homodimeric LZs and c-Myc-Max heterodi-
meric LZ. As for other dimeric LZs, the c-Myc-Max
heterodimeric LZ is a two-stranded and parallel
a-helical coiled-coil. The solution structure reveals
the existence of the proposed salt bridge between
the histidine on the Max LZ and the two glutamate
residues on the c-Myc LZ. Other speci®c interheli-
cal interactions are also reported. Based on the
structural data presented, we propose that the bur-
ied salt bridge might be conserved throughout the
different Max heterodimers and that the LZ
domains therefore play a crucial role in the regu-
lation of this family of b-HLH-LZ transcription
factors.

Results and Discussion

Energetics of the preferential
heterodimerization of the c-Myc and Max LZs

Figure 1A represents the amino acid sequence of
the c-Myc LZ (Battey et al., 1983) and the Max LZ
(Prendergast et al., 1991) according to the heptad
repeat: a-b-c-d-e-f-g typical for coiled-coil forming
proteins (Hodges et al., 1972; Stone et al., 1975;
Cohen & Parry, 1990; Hodges, 1992, 1996). A heli-
cal wheel diagram schematically describing puta-
tive interhelical electrostatic interactions is
displayed in Figure 1B.

In order to gain more insights into the mechan-
ism of heterodimerization, the stability of the disul-
®de-linked c-Myc and Max LZs and the c-Myc-
Max LZ was studied by temperature-induced
denaturation monitored by CD spectroscopy at
pH 7.0. The typical a-helical far-ultraviolet CD
spectra of the three disul®de-linked LZs were
described elsewhere (Lavigne et al., 1995).
Figure 2A illustrates the temperature-induced
denaturation curves for the disul®de-linked c-Myc
and Max LZs and the c-Myc-Max heterodimeric
LZ. The temperature denaturation curve of the dis-
ul®de-linked c-Myc LZ does not depict any coop-



Figure 2. Temperature-induced denaturations moni-
tored by the change in mean residue ellipticity at
222 nm (ÿ�222). A, Temperature-induced denaturation
of the disul®de-linked c-Myc homodimeric LZ (open
squares), Max homodimeric LZ (®lled circles) and the
c-Myc-Max heterodimeric LZ (open circles) recorded in
50 mM potassium phosphate, 50 mM KCl (pH 7.0).
B, The corresponding stability curves obtained from the
non-linear least-squares ®tting as described in Materials
and Methods. The parameters obtained for the Max
homodimeric LZ (continuous line) are the following:
To � 41.0�C, �Ho

u � 19.6 kcal �molÿ1, �Cp,u � 0.54 kcal �
molÿ1 �Kÿ1, �N(0) � 28,000, d�N(T)/dT � 0.10, �U(0) �
6,200, d�U(T)/dT � ÿ0.004 and those obtained for the
c-Myc-Max heterodimeric LZ (dotted line) are:
To � 38�C, �Ho

u � 28.3 kcal �molÿ1, �Cp,u � 0.39 kcal �
molÿ1 �Kÿ1, �N(0) � 34,400, d�N(T)/dT � 0.19, �U(0)
� 12,100, d�U(T)/dT � 0.06. The denaturation curve of
the c-Myc homodimeric LZ was not ®tted due to the
absence of an apparent cooperative transition.
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erative transition in accordance with previous stu-
dies that have shown that the c-Myc LZ does not
homodimerize (Muhle-Goll et al., 1994; Lavigne
et al., 1995). The denaturation curves of the disul-
®de-linked Max homodimeric and c-Myc-Max het-
erodimeric LZs have been ®tted assuming a two-
state transition as described in Materials and
Methods. A heat capacity of unfolding (�Cp,u) of
0.39 kcal �molÿ1 �Kÿ1 was used for the ®tting of the
disul®de-linked c-Myc-Max heterodimeric LZ tem-
perature denaturation curve. The �Cp,u was
obtained from the linear relationship between the
van't Hoff enthalpy and the melting temperature
obtained from temperature-induced denaturations
carried out at different pH values (Privalov, 1979)
and is in good agreement with the one reported
for the GCN4 homodimeric LZ (Kenar et al., 1995).
For the ®tting of the temperature-induced dena-
turation of the disul®de-linked Max homodimeric
LZ, a �Cp,u of 0.55 kcal �molÿ1 �Kÿ1 was used in
order to obtain the best possible ®t.

The mean residue ellipticities at 222 nm recorded
for the disul®de-linked Max homodimeric LZ at
low temperature (<30�C) are lower than those of
the disul®de-linked c-Myc-Max heterodimeric LZ.
At 5�C the mean residue ellipticity of the disul®de-
linked Max homodimeric LZ is 25,100 deg. �cm2 �
dmolÿ1, corresponding to approximately 75%
of the predicted mean residue ellipticity for a
fully helical peptide of that length (33,350
deg. �cm2 �dmolÿ1; Chen et al., 1974). On the other
hand, the mean residue ellipticity at 222 nm of the
disul®de-linked c-Myc-Max heterodimeric LZ
(32,100 deg. �cm2 �dmolÿ1) is close to the theoretical
value for a fully helical peptide of that length.
Therefore, assuming a two-state unfolding reac-
tion, it is to be expected that the population of
folded disul®de-linked Max homodimeric LZ will
be lower than that of the c-Myc-Max heterodimeric
LZ at temperatures below 30�C.

The corresponding stability curves (�Gu(T)) for
the disul®de-linked Max homodimeric LZ and
c-Myc-Max heterodimeric LZ are shown in
Figure 2B. It is noted that the c-Myc-Max heterodi-
meric LZ is more stable than the Max homodimeric
LZ at temperatures below 30�C. Interestingly, the
�Gu value at 5�C for the disul®de-linked Max
homodimeric LZ obtained from the ®tting is
1.1 kcal �molÿ1, which corresponds to a population
of the unfolded state of 0.12, a ®gure in near agree-
ment with the mean residue ellipticity observed.
With a �Gu value at 5�C of 2.3 kcal �molÿ1, a popu-
lation of the unfolded state of 0.02 can be esti-
mated for the disul®de-linked c-Myc-Max
heterodimeric LZ again in accordance with the
mean residue ellipticity observed. The higher stab-
ility of the c-Myc-Max heterodimeric LZ compared
to that of the Max homodimeric LZ at tempera-
tures lower than 30�C, coupled to the fact that
the c-Myc LZ does not homodimerize rationalizes
the preferential heterodimerization previously
observed at 20�C and pH 7.0 (Lavigne et al., 1995).
On the other hand, it should be noted that the dis-
ul®de-linked Max homodimeric LZ and c-Myc-
Max heterodimeric LZ have a low melting tem-
perature of approximately 37�C. It is to be
expected that the heterodimerization will be less
speci®c at 37�C compared to room temperature.
Nonetheless, even if the Max homodimeric LZ and
the c-Myc-Max heterodimeric LZ have low stab-
ilities, taking into account that the c-Myc LZ does
not homodimerize, the folded c-Myc-Max heterodi-
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meric LZ will always be preferred over the folded
Max homodimeric LZ in a concentration-depen-
dent way (mass action or Le ChaÃ telier Principle;
Atkins, 1982).

The 1H-NMR solution structure of the
N-terminal disulfide-linked c-Myc-Max
heterodimeric LZ

In a previous study, we have shown that the
melting temperature of the disul®de-linked c-Myc-
Max heterodimeric LZ was increased by 10 deg.C
when the pH was decreased from 7.0 to 5.0
Figure 3. A, Temperature-induced denaturation of the
disul®de-linked c-Myc-Max heterodimeric LZ recorded
by monitoring the ellipticity readings at 222 nm (in m�)
in 50 mM potassium phosphate, 50 mM KCl (pH 5.0).
B, The corresponding stability curves (continuous line)
obtained from the non-linear least-squares ®tting as
described in Materials and Methods. Also shown in
B for the sake of comparison is the stability curve of the
disul®de-linked c-Myc-Max LZ at pH 7.0 (discontinuous
line and as shown in Figure 2B). The ®tted parameters
obtained for the c-Myc-Max heterodimeric LZ at
pH 5.0 (continuous line) are: To � 48.4�C, �Ho

u �
32.3 kcal �molÿ1, �Cp,u � 0.39 kcal �molÿ1 �Kÿ1, m�N(0) �
111.0, dm�N(T)/dT � 0.58, m�U(0) � 34.5, dm�U(T)/
dT � 0.14. Note that the stability curve at pH 5.0 is
shifted up by almost 1 kcal �molÿ1 in comparison to
pH 7.0.
(Lavigne et al., 1995). In Figure 3A, we present the
®tted temperature-induced denaturation curve
obtained at pH 5.0 and in Figure 3B the corre-
sponding stability curve compared to the one
obtained at pH 7.0 (see Figure 2B). One can see
that the stability curve obtained at pH 5.0 is shifted
up by about 1 kcal �molÿ1. The increase in stability
was ascribed to the presence of a salt bridge invol-
ving Max His8d and the c-Myc Glu5a and Glu12a
(Lavigne et al., 1995). Consequently all the NMR
spectra were acquired at pH 4.8 and 25�C. Under
these conditions the stability of the disul®de-linked
c-Myc-Max heterodimeric LZ is approximately
2.1 kcal �molÿ1, which corresponds to a population
for the folded form that is greater than 0.97.
Although the stability of the disul®de-linked
c-Myc-Max heterodimeric LZ is found to increase
below 25�C (Figures 2B, 3B), the conditions were
the best compromise between narrow linewidths
and amount of folded peptide.

NMR restraints

As expected for two-dimensional 1H-NMR of
a-helical proteins without aromatic residues
(phenylalanine, tryptophan and tyrosine), spectral
analysis was complicated by strong overlap in the
®ngerprint region of DQF-COSY, NOESY and
TOCSY spectra and also by poor coherence transfer
on TOCSY spectra. Despite the overall poor dis-
persion of Ha chemical shifts, well resolved a-heli-
cal like Ha resonances belonging to residues such
as valine, isoleucine, aspartate, asparagine and his-
tidine were observed. Coupled to a good dis-
persion of the backbone NH resonances (7.2 to
9.0 ppm), the well resolved Ha chemical shifts
enabled the assignment of a signi®cant number of
sequential (e.g. strong dNN and weak daN) and
medium range (e.g. daN (i, i � 3) and (i, i � 4))
a-helical connectivities dispersed throughout the
c-Myc and the Max LZs. Well resolved interfacial
side-chain 1H resonances allowed for the assign-
ment of 60 long range interhelical connectivities.

A total of 430 NOE-derived distance restraints
consisting of 115 sequential, 119 medium range,
136 intraresidue and 60 long range NOE contacts
were used for the structure calculations. The distri-
bution of the NOEs per residue is shown in
Figure 4A and B. 15 w1, 50 f angles and 50
restraints for 50 backbone hydrogen bonds (CO±
N � 2.4 to 3.3 AÊ ) were also included for the calcu-
lation of the structures (see Materials and
Methods).

Quality of the calculated structures

A family of 40 structures collectively called
hc-Myc-Maxi was calculated using the program
X-PLOR (BruÈ nger, 1992). The structural statistics of
hc-Myc-Maxi are presented in Table 1. The quality
of the 40 structures is very high as judged by small
deviations from idealized covalent geometry and
good ®t to the experimental NMR data. The local



Figure 4. Structural data for hc-Myc-Maxi plotted as a function of the residue number for the c-Myc and Max LZ.
A and B, Distribution of NOE restraints for the c-Myc and Max LZ, respectively. Grey, white, hatched and black bars
represent intraresidue, sequential, medium range and long range restraints, respectively. C and D, the mean r.m.s.d.
as a function of the residue number for the backbone (Ca, C0, O, N) atoms of the c-Myc and Max LZ, respectively.
E and F, the mean r.m.s.d. as a function of the residue number for the heavy atoms of the c-Myc and Max LZ,
respectively. The r.m.s.d. values are obtained from the ®tting of backbone atoms of residues 5 to 25 of hc-Myc-Maxi
onto c-Myc-Max.
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angle geometry of the 40 structures was analyzed
with PROCHECK (Laskowski et al., 1993) for the
three main angles f, c, w1; 99% of the (f,c) angles
lie in the most favored and additionally allowed
regions of the Ramachandran plot. An average
structure denoted c-Myc-Max was calculated from
the coordinates of hc-Myc-Maxi. Figure 5 rep-
resents a best ®t superimposition of the backbone
of hc-Myc-Maxi with the backbone of the c-Myc-
Max. In Figure 4C and D, we present the mean
r.m.s.d. by residue for the backbone atoms of
hc-Myc-Maxi versus c-Myc-Max for the c-Myc and
Max LZs, respectively. Collectively, the mean
r.m.s.d. for residues 5 to 25 of both LZs amounts to
0.66(�0.23) AÊ . It is evident from Figure 4C and D
that a better de®nition of the backbone of each LZ
has been achieved towards the center of the hetero-
dimer where a larger number of distance restraints



Table 1. Structural statistics and atomic r.m.s.d. for the c-Myc-Max LZ

hc-Myc-Maxi c-Myc-Max r

r.m.s.d. from experimental restraints (AÊ )a All (480)
Interresidue (centered averaged)

Long (jiÿjj>5) 0.0015 � 0.0023 0.000
Medium (14jiÿjj45) 0.0182 � 0.0015 0.018
Sequential (jiÿjj�1) 0.0031 � 0.0015 0.004
H-bonds 0.0023 � 0.0019 0.001

Intraresidue (center averaged) 0.0059 � 0.0040 0.002
Dihedral angles 0.0076 � 0.0021 0.000
ENOE (kcal �molÿ1)b 2.436 � 0.639 2.14
EDIH (kcal �molÿ1)b 0.0019 � 0.0067 0
EREPEL (kcal �molÿ1)b 13.13 � 1.19 11.70
Deviations from idealized geometryc

Bonds (AÊ ) 0.0016 � 0.0001 0.0015
Angles (deg.) 0.3546 � 0.0070 0.345
Impropers (deg.) 0.1690 � 0.0053 0

r.m.s.d. (AÊ )
Backbone atomsd 1.09 � 0.58
Heavy atomsd 1.73 � 0.80

Best defined region
Backbone atomse 0.66 � 0.23
Heavy atomse 1.29 � 0.48

a The r.m.s.d. values of the experimental restraints were calculated with respect to the upper and lower limits of
the input restraints.

b The values for ENOE and EDIH are calculated from a square well potential with a force constant of
50 kcal �molÿ1 �AÊ ÿ2 and 200 kcal �molÿ1 �radÿ2. EREPEL is calculated with a force constant of 4 kcal �molÿ1 �AÊ ÿ4

and the ®nal van der Waals radii were set to 0.8 times the values used in the CHARMM force ®eld.
c The values for bonds, angles and impropers show the deviation from ideal values based on perfect stereo-

chemistry.
d Combined average of both the c-Myc and Max LZs for residues 1 to 29 (excluding the Cys-Gly-Gly linkers).
e Combined average of both the c-Myc and Max LZs for residues 5 to 25 (best de®ned region).
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could be observed. The observation of more disor-
dered N and C termini agrees with the compara-
tively fewer restraints observed in the ®rst and last
Figure 5. Stereo view of the best-®t superposition of the
backbone atoms of residues 5 to 25 of hc-Myc-Maxi onto
the corresponding atoms of c-Myc-Max. The Ca, C and
N backbone atoms and the heavy atoms of interfacial
side-chains (positions a and d) are shown. The c-Myc LZ
is the helix on the right and the Max LZ is the helix on
the left of the heterodimer structure with the N termini
at the top and the C termini at the bottom. The
Figure was generated using the program Insight II (Bio-
sym, Palo Alto, CA).
heptads. Figure 4E and F displays the mean
r.m.s.d. per residue for all the heavy atoms of
hc-Myc-Maxi versus c-Myc-Max for the c-Myc and
Max LZs, respectively. The overall r.m.s.d. value
for residues 5 to 25 of each LZ is 1.29(�0.48) AÊ .
Minima with a mean r.m.s.d. value close to 0.5 AÊ

are observed for most residues occurring at the
interfacial positions a and d, indicating that they
are well de®ned by the restraints.

c-Myc-Max was regularized with restrained
minimization (2000 steps) in order to ®x poor
covalent geometry and non-covalent contacts to
yield the ®nal structure c-Myc-Max r. The ®nal
minimized structure shows no NOE violations
>0.2 AÊ , no dihedral angle violations > 0.3�, and
possesses good covalent geometry and non-bonded
contacts as evidenced by small values for the van
der Waals energy (EREPEL). A single Ramachandran
analysis generated for c-Myc-Max r shows that
greater than 98% of residues are in the most
favored core region.

Tertiary structure

Ribbon diagrams of c-Myc-Max r with the inter-
facial side-chains (positions a and d) displayed are
presented in Figure 6A and B. One can clearly see
that the two LZs fold as curved helices that wrap
around each other. One also observes from
Figure 6C the typical left-handed superhelical twist
observed in parallel and two-stranded a-helical
coiled-coils. When the backbone of residues 1 to 29



Figure 6. Ribbon diagrams of the minimized average structure (c-Myc-Max r) schematically depicting its tertiary
structure. A and B, Side-views of c-Myc-Max r with the backbone atoms represented by the ribbons onto which the
interfacial side-chains and their corresponding molecular surfaces (positions a and d ) are attached. The yellow ribbon
and carbon atoms belong to the Max LZ and the white ribbon and carbon atoms belong to the c-Myc LZ. C, Top
view without the side-chains. Note the curvature of both helices and the left-handed super-helical twist. The
Figure was prepared with the program Ribbons (Carson, 1987).
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of each LZ of c-Myc-Max r is superimposed on the
backbone atoms of corresponding residues of the
GCN4 homodimeric LZ crystal structure (O'Shea
et al., 1991), a r.m.s.d. value of 0.74 AÊ is obtained,
indicating a close similarity between the backbone
of the two structures (not shown). The helix curva-
ture in two-stranded a-helical coiled-coils has been
shown to be correlated with a periodicity of CO±
HN (i, i � 4) H-bond lengths, i.e. the H-bonds
involving the amide protons of the interfacial pos-
itions a, d and e were found to be shorter than the
ones for the exposed positions b, c, f and g (O'Shea
et al., 1991). Interestingly, the same periodicity was
observed for predicted H-bond lengths (Pardi et al.,
1983) calculated from the amide protons chemical
shift assignments for the GCN4 LZ (Kuntz et al.,
1991; Goodman & Kim, 1991). This periodicity was
also observed for the c-Jun LZ (Junius et al., 1993).
Using the empirical equation described by Pardi
et al. (1983), the random coil values for amide pro-
tons (Wishart et al., 1995) and the average amide
protons chemical shift at the different heptad
position for the c-Myc-Max heterodimeric LZ, we
calculated the predicted average H-bond lengths
for the different heptad positions for both LZs.
For the Max LZ, the predicted positional CO±HN
(i, i � 4) H-bond lengths are: a (1.93(�0.07) AÊ ),
b (2.07(�0.07) AÊ ), c (2.14(�0.10) AÊ ), d (2.05(�0.11)
AÊ ), e (1.93(�0.02) AÊ ), f (2.17(�0.08) AÊ ) and g
(2.07(�0.09) AÊ ) and for the c-Myc LZ are: a
(1.99(�0.04) AÊ ), b (2.13(�0.13) AÊ ), c (2.10(�0.12)
AÊ ), d (2.00(�0.09) AÊ ), e (1.95(�0.02) AÊ ), f
(2.08(�0.06) AÊ ) and g (2.11(�0.06) AÊ ). Again, the
same tendency for predicted buried H-bonds to be
shorter than the exposed ones is observed. Upon
inspection of the CO±HN (i, i � 4) H-bond lengths
of the ®nal structure, we also observe a tendency
for the buried CO±HN (i, i � 4) H-bonds (positions
a, d and e) to be shorter. It should be noted that the
curvature of the helices (and the distribution of
CO±HN (i, i � 4) H-bond lengths) is solely driven
by long range and interhelical NOEs, since all the
CO±N (i, i � 4) used in the calculation were con-
servative, had the same upper (3.3 AÊ ) and lower
bound (2.4 AÊ ) and were not forced to linearity.

Packing of the leucine residues at position d

The dihedral angles (w1 and w2) of the conserved
and well de®ned leucine side-chains at positions d
(i.e. all the leucine residues found at position d
except c-Myc Leu 29d and Max Leu 29d) have
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average values of w1 � ÿ79(�9)� and w2 �
159(�12)�. These values are in excellent agreement
with previously reported values for the crystal
structure of the GCN4 homodimeric LZ (w1 � ÿ69�
and w2 � 155�; O'Shea et al., 1991) and the NMR
structure of the c-Jun homodimeric LZ (w1 � ÿ86�
and w2 � 156�; Junius et al., 1996). We show in
Figure 7A the packing of the pair of leucine side-
chains at positions 15d. Complementariness of side-
chain packing that includes the participation of the
Figure 7. A, Cross-sectional view of c-Myc-Max r depict-
ing the interfacial arrangement of c-Myc Leu15d and
Max Leu15d and the complementariness of the corre-
sponding molecular surfaces. Note the perpendicular
packing of the leucine side-chains as de®ned by the rela-
tive orientation of the Ca±Cb bonds and the peptide
bond linking residues at positions d and e on the oppos-
ing helix (Harbury et al., 1993). B, Interfacial arrange-
ment of c-Myc Leu8d and Max His8d and the
complementariness of the corresponding molecular sur-
faces. Again note the perpendicular packing of the leu-
cine and histidine side-chains. C, Interhelical interactions
between Max His8d and c-Myc Glu5a and c-Myc
Glu12a. Same color code as for Figure 6. See the text for
further details. Distances are given in AÊ . The Figure was
generated using the program Insight II (Biosym, Palo
Alto, CA).
side-chains at positions e is seen, in agreement with
the knobs-into-holes model (Crick, 1953; O'Shea
et al., 1991). Moreover, all the leucine side-chains at
positions d pack in the perpendicular fashion as
de®ned by the angle between the Ca±Cb bonds and
the peptide bond linking residues at positions d and
e (O'Shea et al., 1991; Harbury et al., 1993).

Packing of the histidine at position d

It has been proposed that the histidine at pos-
ition 8d on the Max LZ plays a key role in its pre-
ferential heterodimerization with the c-Myc LZ
(Lavigne et al., 1995). The structure reveals that the
histidine side-chain is 85% buried, and Figure 7B
shows the molecular surface complementariness of
this side-chain at the interface of the heterodimeric
LZ. The conformation of the side-chain of Max
His8d is well de®ned with more than 40 NOE-
derived distance restraints resulting in a mean
r.m.s.d. value of 0.68 AÊ for all the heavy atoms of
that residue and w1 and w2 values of ÿ81(�8)� and
ÿ57(�7.0)�, respectively. In this conformation the
Hd2 of Max His8d points up in the direction of Max
Figure 8. Section of a 500 MHz NOESY spectrum (mix-
ing time 150 ms) recorded in 100% 2H2O and after
exchange of all exchangeable amide protons. Labeled
are intraresidue, sequential and long range NOEs
between the Hd2 (7.53 ppm) and the He1 (8.65 ppm) of
Max His8d. Inset: transposed dimension showing the
resolved intraresidue and medium range NOEs between
the Hd2 of Max His8d and its own Ha and the Ha of
Max Asn5a.



Figure 9. Cross-sectional views of c-Myc-Max r depict-
ing the interfacial arrangement of Max Asn5a (A) and
Max Asn19a (B) with the corresponding molecular sur-
faces. Note the parallel packing of the Asn side-chains
as de®ned by the relative orientation of the Ca±Cb bonds
and the peptide bond linking residues at positions g
and a on the opposing helix (Harbury et al., 1993).
C, Interhelical H-bond between the side-chain of Max
Asn19a and the backbone carbonyl of c-Myc Leu15d as
described in the text. Same color code as for Figure 6.
Distances are given in AÊ . The Figure was generated
using the program Insight II (Biosym, Palo Alto, CA).
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Asn5a and away from its own Ha. As shown in the
inset of Figure 8, a strong medium range NOE
between the Hd2 of Max His8d and the Ha of Asn5a
is observed as well as a weak intraresidual NOE
between its own Hd2 and Ha. Max His8d packs
between c-Myc Leu8d and c-Myc Ile9e (Figure 7B)
and long range NOEs between Max His8d Hd2 and
He1 to the side-chains of these residues (Figure 8)
further con®rms the orientation of the histidine
side-chain. The histidine Cd2 is within van der
Waals contact of the Cd1 and Cb on the opposing
c-Myc Leu8d and the Ca of Max Asn5a, while the
two imidazole nitrogen atoms are pointing away
from the interface. As seen in Figure 7C the Nd1 is
directed up towards c-Myc Glu5a and the Ne2 is
directed towards c-Myc Glu12a leading to the for-
mation of a salt bridge and/or charged H-bonds. It
has to be noted that the side-chains of c-Myc Glu5a
and c-Myc Glu12a are 75% and 85% buried,
respectively. Hence the burial of Max His8d
appears to depend critically on the amphipathic
nature of its side-chain as it participates in both
hydrophobic and polar interactions at the interface
of the c-Myc-Max heterodimeric LZ.

Packing of the asparagine residues at position a

The occurrence of asparagine residues at pos-
itions a of the heptad repeat of coiled-coil forming
proteins is a conserved feature (Hu & Sauer, 1992;
Hurst, 1994; Blake et al., 1995). It has been demon-
strated that the asparagine residues are promoting
formation of homodimeric LZs (Harbury et al.,
1993; Junius et al., 1995; Lumb & Kim, 1995a;
Gonzalez et al., 1996) most likely by destabilizing
higher-order oligomers (trimeric and/or tetra-
meric). This conferred dimer speci®city is effected
at the expense of stability (Harbury et al., 1993;
Junius et al., 1995; Lumb & Kim, 1995a) but on the
other hand the reduced stability facilitates reassort-
ment of LZs (Wendt et al., 1995). Although many
studies have focused on the role and the inter-
actions of the conserved asparagine in homodi-
meric LZs, less attention has been paid to their
packing in heterodimeric LZs.

Figure 9A and B illustrates the packing of Max
Asn5a and Asn19a. Both side-chains are buried,
although the complementariness of the molecular
surfaces surrounding Max Asn19a appears more
ideal. The apparent less complementary packing of
Max Asn5a might re¯ect local unfolding in the
folded state as manifested by the lower number of
NOEs and concomitant lower de®nition of this
region of the structure. This agrees with the faster
1H to 2H exchange rate observed for the side-chain
of Max Asn5a that may be more readily solvent
accessible if local unfolding occurs in the folded
state of the disul®de-linked c-Myc-Max heterodi-
meric LZ (Lavigne et al., 1997). In the crystal struc-
ture of the c-Fos-c-Jun heterodimer, the conserved
asparagine at a position a on the c-Jun LZ forms
charged H-bonds with the glutamate side-chain at
the ¯anking position g on the c-Fos LZ (Glover &
Harrison, 1995). Interestingly, a similar interaction
could occur in the c-Myc-Max heterodimeric LZ
between Max Asn5a and c-Myc Glu4 g
(Figure 9C). Unfortunately, the overall de®nition
in the ®rst ®ve residues of the structure is not
suf®cient to conclude if such an interaction exists.
In our previous model, we proposed that the Nd2

of Asn5a was pointing towards c-Myc Glu5a in
order to alleviate, through H-bonding (internal
solvation), some of the loss of solvation free
energy that would ensue the burial of the carb-
oxylate of c-Myc Glu5a. Ongoing studies on a
longer version of the c-Myc-Max heterodimeric
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LZ may allow the packing in the N-terminal
region to be better de®ned.

As seen in Figure 9B, Max Asn19a packs
between c-Myc Arg18g and Arg19a. Figure 9C
indicates that the Nd2 (and Hd22) of Asn19a is
engaged in a H-bond with the backbone carbonyl
of c-Myc Leu15d. The donor acceptor distance is
2.2 AÊ and a N-H � � �O angle of 140� is observed. In
opposition to the homodimeric case (O'Shea et al.,
1991; Junius et al., 1995, 1996), no side-chain±side-
chain H-bond across the interface is observed.
Indeed, the H-bond donors of the guanidino group
of c-Myc Arg19a are too distant in space from the
Od1 of Max Asn19a. Solution NMR studies on the
GCN4 (Oas et al., 1990) and c-Jun homodimeric
LZs (Junius et al., 1993, 1995) have shown that only
one set of resonances can be observed, leading to
the hypothesis that the asparagine side-chains are
¯ipping (around w2) between two distinct, sym-
metry-related H-bonded conformations in the fast
chemical exchange regime at room temperature
(Junius et al., 1995). This ¯ip-¯op has also been pro-
posed to provide some conformational, entropic
compensation for the unfavorable loss of solvation
enthalpy of burying the polar asparagine side-
chains at the interface of the dimer (Mackay et al.,
1996). No ¯ip-¯op of the side-chain of Max Asn19a
is observed as evidenced from the extensive num-
ber of NOEs and the excellent de®nition of the
side-chain. In addition, unlike the c-Jun homodi-
mer case (Junius et al., 1995), there was no attenu-
ation of the Hd2 signals at lower temperature. This
attenuation was interpreted in terms of the ¯ip-
¯op changing from a fast exchange regime to a
medium exchange regime (Junius et al., 1995; King,
1996). The fact that the Od1 of Max Asn19a is not
accepting a H-bond and that a ¯ip-¯op is not
observed suggests that a larger loss of solvation
free energy upon burial is expected in the c-Myc-
Max heterodimeric LZ compared to the GCN4 or
c-Jun homodimers. Finally, the w1 (ÿ70(�12)�) and
w2 (ÿ2(�20)�) values for the side-chain of Max
Asn19a are very similar to those observed for the
asparagine side-chain (w1 � ÿ65� and w2 � 0.5�) in
the helix B of the GCN4 crystal structure (O'Shea
et al., 1991).

Figure 10B presents the kinetics of 1H to 2H
exchange of the Max Asn19a Hd22 at pDread 5.8 and
20�C. The resonance of Max Asn19a Hd22 is well
resolved in one-dimensional spectra in H2O
(Figure 10A). The two Hd2s appear to have similar
rates of exchange as indicated by the fact that their
intensities are the same after 45 minutes
(Figure 10A). The rate of 1H to 2H exchange (kex) of
Max Asn19a Hd22 was obtained from the ®tting of
the curve in Figure 10B to a single exponential
decay and is found to be 0.021(�0.05) minÿ1.
Using exchange rate constants listed in Table IV of
Bai et al. (1993); see Materials and Methods), we
calculated a corresponding intrinsic or random coil
(krc) rate of exchange of 1.89 minÿ1 at pD 5.8 and
20�C. Therefore, the protection factor (PF � krc/kex)
against amide exchange is observed to be 90.
Assuming an EX2 mechanism (Kim & Woodward,
1993; Bai et al., 1994), that implies the 1H to 2H
exchange to be controlled by the global opening
(or global unfolding) of the structure, an opening
equilibrium constant (Kop � kex/krc) of 0.011 is
obtained. Correspondingly, a �Gop (ÿRT � ln Kop)
of 2.60(�0.65) kcal �molÿ1 can be calculated. If the
Hd22 of Max Asn19a is buried at the interface of the
folded form of c-Myc-Max heterodimeric LZ, then
the �Gop value should be in agreement with the
�Gu at 20�C and similar pH.

Figure 10C illustrates the temperature-induced
denaturation curve of the disul®de-linked c-Myc-
Max heterodimeric LZ monitored by CD at pH 6
(pDread of 5.8 corresponds to approximately pH 6.2:
Glasoe & Long, 1960). Figure 10D displays the cor-
responding stability curve (as obtained by ®tting
the denaturation curve as described in Materials
and Methods) and the �Gop value obtained from
the amide exchange experiment at 20�C. From
the ®t of the temperature-induced denaturation,
we calculate the �Gu value at 20�C to be
1.8(�0.4) kcal �molÿ1, which is somewhat lower but
close to the �Gop (2.60(�0.65)kcal �molÿ1) consider-
ing the uncertainties of the two values. Max
Asn19a may be involved in some residual structure
(secondary) in the unfolded state at 20�C and the
krc value, which is obtained for an asparagine side-
chain in a dipeptide, could be overestimated.
Indeed, if Max Asn19a Hd22 in the unfolded state is
less solvent accessible than in a dipeptide, its
intrinsic exchange should correspondingly be
slower, leading to an overestimated �Gop value.
But, the overall agreement between the �Gu and
the �Gop values at 20�C lends credence to the fact
that the Hd22 of Max Asn19a is indeed buried at the
interface of the structure and that it exchanges pre-
dominantly in the unfolded form of the disul®de-
linked c-Myc-Max heterodimeric LZ.

On the basis of the structural, amide exchange
and thermodynamic results presented here, it is
clear that the Nd2 of the side-chain of the conserved
asparagine side-chains at positions a can form a
stable H-bond with the backbone carbonyl of the
preceding position d on the opposing helix in het-
erodimeric LZs. This is the ®rst time that such an
interaction is shown to occur in a heterodimeric
LZ.

Evidence for e-g salt bridges

It has been reported that many of the side-chains
found at positions e and g of the heptad repeats of
coiled-coil forming proteins are ionizable (Hodges
et al., 1972; Mclachlan & Stewart, 1975; Stone et al.,
1975; Cohen & Parry, 1990). It has also been pro-
posed that the side-chains at positions e and g can
form favorable electrostatic interhelical interactions
and bring the helices parallel and in register with
the classical i to i0 ÿ 5, e-g0 or e0-g patterns (Hodges
et al., 1972; Stone et al., 1975; Talbot & Hodges,
1982; Hodges, 1992, 1996; Zhou et al., 1994a,b),
which are referred to as e-g salt bridges hereinafter.



Figure 10. A, top, 500 MHz one-dimensional 1H-NMR spectrum of the disul®de-linked c-Myc-Max heterodimeric
coiled-coil acquired in 50 mM potassium phosphate, 50 mM KCl in 90% 1H2O, 10% 2H2O (pH 4.7); bottom, 500 MHz
one-dimensional 1H-NMR spectrum obtained 45 minutes after dissolution of the lyophilized sample in 100% 2H2O.
B, 1H to 2H exchange kinetics of Max Asn19a Hd22 at 293.15 K and pDread 5.8. The exchange data were ®tted to a
single exponential decay (continuous line): the rate constant (kex) � 0.021(�0.05) minÿ1. C, Temperature-induced dena-
turation of the disul®de-linked c-Myc-Max heterodimeric LZ recorded by monitoring the m� readings at 222 nm in
50 mM potassium phosphate, 50 mM KCl (pH 6.0). D, The corresponding stability curves obtained from the non-lin-
ear least-squares ®tting as described in Materials and Methods. The ®tted parameters obtained for the c-Myc-Max
heterodimeric LZ (continuous line) are: To � 44.5�C, �Ho

u � 31.4 kcal �molÿ1, �Cp,u � 0.39 kcal �molÿ1 �Kÿ1,
m�N(0) � 117.0, dm�N(T)/dT � 0.62, m�U(0) � 29.15, dm�U(T)/dT � 0.11. Also shown in D (®lled circle) is the value of
�Gop obtained from the rate of exchange of Max Asn19a Hd22. See the text and Materials and Methods for further
details.
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Because positions e and g are contiguous to the
canonical and mostly hydrophobic interfacial pos-
itions a and d, they form part of the hydrophobic
core through the aliphatic part of their side-chains
(O'Shea et al., 1991). Correctly positioned e-g side-
chains bearing like charges destabilize folded
dimers (O'Shea et al., 1989, 1992, 1993; Zhou et al.,
1994a; Kohn et al., 1995). Such a destabilization of
homodimers has been proposed to be the major
driving force for the speci®c heterodimerization for
the c-Fos and c-Jun LZs and synthetic LZs;
whereas the formation of interhelical salt bridges
in heterodimers is only thought to relieve the
repulsions occurring in homodimers and not to
provide electrostatic stabilization free energy
(O'Shea et al., 1992, 1993; Lumb & Kim, 1995b,
1996). Based on the fact that the pKa values of two
glutamate residues found to be involved in e-g salt
bridges in the crystal structure of the GCN4 homo-
dimeric LZ (O'Shea et al., 1991) were not lower in
the folded form than in the unfolded (pKa,folded

< pKa,unfolded) it was concluded that they were not
providing any stability (or could even be destabi-
lizing) through favorable electrostatic interactions
(Lumb & Kim, 1995b, 1996). However, the absence
of a pKa shift does not automatically imply the
absence of favorable electrostatic interactions
(Yang & Honig, 1993; Lavigne et al., 1996).

Three interhelical e-g salt bridges can be pre-
dicted to occur at the interface of the c-Myc-Max
LZ: e.g. Max Asp11g±c-Myc Arg 16e, Max Lys16e±
c-Myc Glu11g; and Max Glu23e±c-Myc Arg18g
(Figure 1B).



176 Solution Structure of the c-Myc-Max Heterodimeric LZ
In the ®nal structure, the guanidino group of
c-Myc Arg16e is found to be closer to the carboxy-
late groups of c-Myc Glu12a and c-Myc Asp13b
than Max Asp11g as supported by the observation
of medium range NOEs between the Hds and He of
c-Myc Arg16e and the Ha of c-Myc Asp13b
(Figure 11A). The occurrence of two consecutive
negatively charged side-chains on the c-Myc LZ
should give rise to a high local electrostatic poten-
tial and therefore increase the probability of ®nd-
ing H-bond donors of the charged guanidino
group of c-Myc Arg16e closer to c-Myc Glu12a and
c-Myc Asp13b than Max Asp11 g. Moreover, H-
bonds between guanadino group of c-Myc Arg16e
and the carboxylate of c-Myc Glu12a could facili-
tate the burial of the latter, which has been shown
to be involved in a buried salt bridge with Max
His8d (Figure 11A).

Long range NOEs between the Max Lys16e He

and the methyl protons of c-Myc Leu15d indicates
that the lysine side-chain is lining the interface and
pointing in the direction of c-Myc Glu11g
(Figure 11B). The distance between the carboxylate
oxygens of c-Myc Glu11g and the Max Lys16e Nz

is 5.8 AÊ indicative of a potential e-g electrostatic
interaction. A lack of unambiguous NOEs for the
side-chain protons of c-Myc Glu11g due to spectral
overlap does not permit us to decide on the extent
to which this salt bridge is populated. On the other
hand and as illustrated on Figure 11B, interactions
between the guanadino group of c-Myc Arg18g
and the carboxylate of Max Glu23e are populated
in solution as supported by many diagnostic NOEs
involving the side-chain protons of Max Glu23e
Figure 11. Interhelical and intrahelical interactions invol
actions between c-Myc Arg16e and c-Myc Glu12a and c-My
and c-Myc Glu11g and Max Glu23e and c-Myc Arg18g. Dis
program Insight II (Biosym, Palo Alto, CA).
and c-Myc Arg18g and protons belonging to bur-
ied interfacial side-chains (Figure 11B).

Our results support the population of two e-g
salt bridges at the interface of the disul®de-
linked c-Myc-Max heterodimeric LZ at a pH of
4.8 and an ionic strength of 100 mM. To our
knowledge, our results represent the ®rst struc-
tural evidence that such interactions exist in
solution.

Implications for the specific heterodimerization
of the c-Myc and Max LZs

The mechanism for the speci®c heterodimeriz-
ation of the LZ domains of transcription factors
from the b-LZ family (e.g. the c-Fos-c-Jun system)
has been characterized (O'Shea et al., 1989, 1992).
Destabilization through repulsion between interhel-
ical like charges at e and g positions on the c-Fos
LZ (O'Shea et al., 1992) as well as the reduced stab-
ility of the c-Jun homodimeric LZ caused by the
conserved asparagine side-chain at position a on
the c-Jun LZ (Junius et al., 1995, 1996) are two key
factors of the speci®c heterodimerization and ef®-
cient reassortment in this system. The formation of
interhelical e-g0 salt bridges/H-bonds in the hetero-
dimer is also thought to be important for molecular
recognition although the magnitude of the contri-
bution of these interhelical interactions to the stab-
ility of two-stranded a-helical coiled-coils is under
debate (Lavigne et al., 1996; Lumb & Kim, 1996).
Upon inspection of the helical wheel diagrams of
the Max and c-Myc homodimeric LZs, the hetero-
ving side-chains at positions e and g. A, Intrahelical inter-
c Asp13b. B, Interhelical salt bridges between Max Lys16e
tances are given in AÊ . The Figure was generated using the
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dimerization speci®city observed for the c-Myc
and Max LZ does not seem to imply destabiliza-
tion of homodimers through unfavourable e-g
interhelical interactions. As a matter of fact, assum-
ing the classical pattern (e-g0 or e0-g i to i0 ÿ 5) no
net repulsions can be predicted in both the Max
and c-Myc homodimeric LZs (Lavigne et al., 1995).
On the other hand, the inability of c-Myc LZ to
homodimerize at neutral pH has been argued to
come mainly from the presence of two glutamate
side-chains at positions a (Muhle-Goll et al., 1994;
Lavigne et al., 1995). As discussed before, the
occurrence of acidic side-chains (aspartic acid and
glutamic acid) directly at the dimerization interface
might prove to be a very effective mechanism of
destabilization of homodimers (Lavigne et al., 1995;
Schneider et al., 1997).

The reduced stability (compared to a generic
parallel and two-stranded a-helical coiled-coil
where all the positions a and d are occupied by
hydrophobic residues) of the Max homodimeric LZ
can be ascribed to the presence of the two aspara-
gine residues at positions a and, intuitively, to the
ionizable histidine at position d. As shown in this
study and elsewhere (Muhle-Goll et al., 1995), the
presence of the two asparagine and the histidine
residue does not prevent the homodimerization of
the Max LZ (Figure 1). It is likely that the low stab-
ility of the Max homodimeric LZ is important in
order to permit its reassortment with LZs belong-
ing to its interacting partners.

In order for the c-Myc LZ (and hence the com-
plete HLH-LZ motif) to heterodimerize, the burial
or partial burial of two glutamate side-chains at
positions a have to be compensated. The solution
structure of the disul®de-linked c-Myc-Max LZ
shows Max His8d as a key side-chain that allows
heterodimerization and the partial burial of
c-Myc Glu5a and c-Myc Glu12a. We have shown
that the stability of the disul®de-linked c-Myc-
Max LZ was greater at pH 5.0 than at pH 7.0
(��Gu � 0.95(�0.40) kcal �molÿ1). This could be
explained in part by the fact that upon decreas-
ing the pH from 7.0 to 5.0, the population of pro-
tonated Max His8d (pKa � 7.2 in the folded
disul®de-linked c-Myc-Max LZ (Lavigne et al.,
1995) is increased from being roughly half at
pH 7.0 to practically unity at pH 5.0, resulting in
more favorable electrostatic interactions between
Max His8d and c-Myc Glu5a and Glu12a. The
�pKa (pKa,folded ÿ pKa,unfolded) of 0.42(�0.05) unit
(corresponding to 0.57(�0.07) kcal �molÿ1 at 25�C)
observed for Max His8d supports this explanation
(Lavigne et al., 1995). It is clear that the pH
dependence of the stability of the c-Myc-Max het-
erodimeric LZ is modulated in part or largely by
the ionization state of Max His8d. At neutral pH
where roughly half of Max His8d are neutral,
charged H-bonds between it and c-Myc Glu5a
and Glu12a can be formed and depending on the
tautomeric form of the imidazole ring these
charged H-bonds could facilitate the burial or
partial burial of one or the other interfacial
carboxylate on the c-Myc LZ.

Implications for regulation within the
c-Myc network

In addition to the heterodimerization of the
HLH-LZ domains, it is thought that the regulation
of transcription as well as cell proliferation and
differentiation by the proteins in the c-Myc net-
work (Mad, Mxi1) relies on the temporal
expression pattern of the mad, mxi1 and myc genes
(Littlewood & Evan, 1994; Henriksson & LuÈ scher,
1996; Hurlin et al., 1997). For example, c-Myc,
which is induced during cell proliferation, is
down-regulated upon initiation of differentiation
(Henriksson & LuÈ scher, 1996). An increase in the
Mxi1 to c-Myc ratio and a switch from c-Myc-Max
to Mxi1-Max heterodimer appears to be involved
in the down-regulation of c-myc (Henriksson &
LuÈ scher, 1996). Mad is also found to be induced at
the onset of differentiation, indicating that both
Mxi1-Max and Mad-Max heterodimers are import-
ant for differentiation (Henriksson & LuÈ scher,
1996). It appears that temporal shifts in relative
amounts of Max heterodimers are at the center
stage of the regulation of the c-Myc activities as
well as cell growth and differentiation. In that
regard, the low intrinsic stabilities for the Max
homodimeric and the c-Myc-Max heterodimeric
LZs are likely to be an advantage for the reassort-
ment of the Max interacting proteins in vivo.
Indeed, if the Max homodimeric and the c-Myc-
Max heterodimeric LZs were highly stable, they
would only allow for low populations of disso-
ciated monomers and impede reassortment dic-
tated by the level of expression of c-myc, mad and
mxi1 genes and transduction of cell growth and
differentiation signals. Interestingly, the LZ
domains of all the Max interacting proteins (Mad,
Ayer et al., 1993; Mad3 and Mad4, Hurlin et al.,
1995; Mxi1, Zervos et al., 1993; Mnt, Hurlin et al.,
1997) have a conserved acidic residue (glutamic
acid or aspartic acid) at the position analogous to
c-Myc 5a. By preventing the homodimerization of
the LZ domains due to repulsion and/or unfavor-
able desolvation effects, the occurrence of these
acidic side-chains at position a in their LZ domains
could explain why Max partner proteins are found
not to dimerize or bind DNA. Again, this destabili-
zation of homodimers is a prominent driving force
for ef®cient heterodimerization. In addition, these
conserved acidic residues are likely to be involved
in the molecular recognition of Max through the
formation of interfacial and favorable electrostatic/
H-bond interactions with Max His8d, as demon-
strated in this study for the c-Myc-Max heterodi-
meric LZ.

In conclusion, it was shown here that upon het-
erodimerization, the LZ domains of the c-Myc and
Max proteins fold into a parallel and two-stranded
a-helical coiled-coil. As discussed, the structure of
the disul®de-linked c-Myc-Max heterodimeric LZ
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reveals the existence of a speci®c interaction at the
interface of the heterodimer between a histidine on
the Max LZ and two glutamate residues on the
c-Myc LZ that is proposed to play a crucial role for
the molecular recognition of the two LZs. A similar
interaction can be predicted to occur at the inter-
face of all Max heterodimers as all Max b-HLH-LZ
interacting partners known to date have a con-
served acidic side-chain at the equivalent position
to one of the glutamate residues on the c-Myc LZ.
We suggest that the LZ domains of this sub-family
of b-HLH-LZ proteins play a pivotal role in
the heterodimerization and hence the cellular
activities.

Materials and Methods

Peptide synthesis

Solid phase peptide synthesis of the c-Myc and the
Max LZs, characterization by mass spectrometry, puri®-
cation by reversed-phase HPLC and the formation of the
disul®de-linked c-Myc and Max homodimeric LZs and
the c-Myc-Max heterodimeric LZ have been described
elsewhere (Lavigne et al., 1995).

Temperature-induced denaturation monitored by
circular dichroism

The temperature-induced denaturation curves moni-
tored by CD have been acquired as described elsewhere
(Lavigne et al., 1995). The temperature dependence of
mean residue ellipticity (�) or m� values at 222 nm have
been ®tted using an in-house non-linear least-squares ®t-
ting program assuming a two-state unfolding reaction as
given below:

��T� � �1ÿ Pu�T�� ��N�T� � Pu�T� ��U�T�
where �N (T) and �U(T) and are the temperature depen-
dence of the mean residue ellipticity of the macroscopic
folded and unfolded states, respectively. They were both
assumed to be linear, i.e. �N (T) � �N(0) ÿ d�N(T)/
dT �T and �U(T) � �U(0) ÿ d�U(T)/dT �T, where �N(0)
and �U(0) are the mean residue ellipticities at 0�C for the
folded and unfolded states, respectively; correspondingly
d�N(T)/dT and d�U(T)/dT are the constant slopes of
�N (T) and �U(T).

Pu(T), the population of the unfolded state, is given
by:

Pu�T� � exp�ÿ�Gu�T�=RT�
1� exp�ÿ�Gu�T�=RT�

where the temperature dependence of the free energy of
unfolding (�Gu(T)) is described by:

�Gu�T� � �Ho
u 1ÿ T

To

� �
��Cp;u�T ÿ To� ÿ T ln

T

To

� �
where To is the melting temperature, �Ho

u is the appar-
ent enthalpy of unfolding at To and �Cp,u is the tempera-
ture-independent heat capacity of unfolding. Although
the �Cp,u value has been shown to depend on tempera-
ture (Makhatadze & Privalov, 1995; GoÂmez et al., 1995),
it is proposed that for temperatures up to 85�C it is a
good approximation to consider �Cp,u temperature-inde-
pendent (GoÂmez et al., 1995).
Of the seven parameters used for the ®tting of the
temperature-induced denaturations curves, �Cp,u bears
by far the largest standard deviation. Depending on the
curve, the standard deviation can amount to a relative
error of 50%. We rather measured an experimental �Cp,u

value by plotting the apparent �Ho
u against T� obtained

at ®ve different pH values (3.0, 4.0, 5.0, 6.0 and 7.0).
Both �Ho

u and T� were obtained graphically as described
by Shortle et al. (1988) from van't Hoff analysis of the
temperature denaturation curves of the disul®de-linked
c-Max-Max heterodimeric LZ measured at the different
pH values. The slope the relationship between �Ho

u and
T� has been shown to correspond to �Cp,u (Privalov,
1979). By ®tting the data to a straight line we obtained a
�Cp,u of 0.39(�0.08) (or �20%) kcal �molÿ1 �Kÿ1 with a
correlation coef®cient of 0.97, an indication that the
�Cp,u can be assumed to be pH-independent. Therefore,
in the ®tting of the temperature-induced denaturation,
�Cp,u was ®xed to 0.39 and an error of at least 20% was
assumed on the �Gu(T) obtained.

NMR spectroscopy

Six to 10 mg of the disul®de-linked c-Myc-Max hetero-
dimeric LZ were dissolved in 0.5 ml of potassium phos-
phate buffer (50 mM, 10% 2H2O/90% 1H2O and pH 4.7
or 100% 2H2O) containing 50 mM KCl and 1 mM DSS
(2,2-dimethyl-2-silapentane-5-sulfonic acid), to yield sol-
utions ranging from 0.75 to 1.25 mM.

1H homonuclear two-dimensional data acquisition
and assignment

All the 1H two-dimensional NMR spectra were
recorded on a Varian VXR 500 or a Varian Unity 600 at
25�C. Proton resonances were assigned from DQF-COSY
(Rance et al., 1983), TOCSY (mixing time � 50 ms; Davis
& Bax, 1985) and NOESY (mixing times � 50, 150 and
250 ms; Jeener et al., 1979) experiments. Sequential
assignment of the proton resonances was performed as
described by WuÈ thrich (1986).

The spectra were acquired with 1024 or 2048 t2 com-
plex data points and 128 or 256 t1 increments in the
phase-sensitive mode with quadrature detection using
the method described by States et al. (1982). Water reson-
ance was suppressed during the 1.5 second relaxation
period used in the NOESY, DQF-COSY and TOCSY
experiments and the mixing period of the NOESY exper-
iments by irradiating continuously at its resonance
frequency.

Amide exchange

The amide exchange experiments were carried out by
acquiring (after dissolving a 1H lyophilized sample in
100% 2H2O) an arrayed set of one-dimensional spectra
with an average elapsed time of 8.53 minutes between
each spectrum. The spectra were acquired on a Varian
Unity 300, at 20�C and pDread 5.8. The relative intensities
(I) were obtained by integration of the Max Asn19a res-
onance and ®tted to a single exponential decay:
I � I� �exp(ÿkex � t) � I1, where I� is the ®tted initial rela-
tive intensity, I1 is a baseline accounting for residual
water (1H20) and kex is the desired rate of exchange.

A value of 0.39 minÿ1 for krc at 5�C and pDread of 5.8
for Max Asn19a Hd22 was obtained from the rate con-
stants given in Table IV of Bai et al. (1993). As suggested
by Bai et al. (1993), an activation energy of 17 kcal �molÿ1
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was used to convert the calculated value of krc to 20�C,
giving a value of 1.89 minÿ1 for Asn19a Hd22.

Structure calculations

The intensities of the NOE crosspeaks from 50 ms and
150 ms NOESY experiments were measured and classi-
®ed as strong, medium, weak and very weak. The cross-
peak intensities were converted to interproton distances
ranging between 1.8 and 2.8 AÊ (strong), 1.8 and 3.3 AÊ

(medium), 1.8 and 4.0 AÊ (weak) and 1.8 and 5.0 AÊ (very
weak).

To determine the w1 angles, it was assumed that the
amino acid side-chains adopt one of three energetically
favorable staggered conformations with w1 � �60�, 180�
or ÿ60�. The side-chains analyzed were only restricted to
a staggered conformation if the measured Ha-Hb coup-
ling constants in a high resolution DQF-COSY spectrum
were completely consistent with the intraresidue NH-Hb

and Ha-Hb NOEs obtained in a 50 ms NOESY dataset. In
addition, previous NMR assignments of LZs (Oas et al.,
1990; Junius et al., 1993) have revealed that the b protons
of the conserved leucine side-chains at positions d are
characteristically split by almost 1 ppm with Hb1 and
Hb2 having chemical shifts close to 1.3 and 2.2 ppm,
respectively. Similar chemical shifts were observed in the
present study and the NOEs observed were all consistent
with the stereospeci®c assignments made.

In accordance with the helical medium range and
sequential NOEs observed, poor coherence transfer was
observed on the TOCSY spectra indicative of small
3JHNHa (Cavanagh et al., 1990) and a-helical like coupling
constant (<5 Hz). Therefore, a f angle of ÿ60(�30)� was
included for residues where more than three typical
a-helical-like medium range and sequential connectivities
were unambiguously assigned. The a-helical like f
angles used were further supported by the Ha chemical
shift index (Wishart et al., 1992). Fifty a-helical (CO-N
(i, i � 4) 2.4 to 3.3 AÊ ) hydrogen bond restraints were
also used.

Calculations were performed using the program
X-PLOR 3.1 (BruÈ nger, 1992) and the dynamic simulated
annealing protocol (Nilges et al., 1988). This consisted of
a total of 30 ps of high temperature dynamics (1000 K)
followed by 20 ps of slow cooling (annealing) to 300 K.
At 300 K a ®nal stage of 400 steps of Powell minimiz-
ation was performed. A total of 480 NOE distance
restraints and 65 dihedral angles were included. Geo-
metric center averaging was used for ambiguous assign-
ments, e.g. methylene protons or methyl groups and
pseudo-atoms were employed (WuÈ thrich et al., 1983)
with the appropriate upper bound corrections on the
experimental restraints.

Solvent accessible surface areas were calculated using
the program ANAREA (Richmond, 1984) as im-
plemented in the program VADAR (Wishart et al., 1994).

Coordinates have been deposited with the Brookha-
ven Protein Data Bank under accession codes 1a93 for
the minimized averaged structure and 2a93 for the
ensemble of 40 calculated structures.
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