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ABSTRACT: The c-MYC transcription factor is a master
regulator of cell growth and proliferation and is an established
target for cancer therapy. This basic helix−loop−helix Zip
protein forms a heterodimer with its obligatory partner MAX,
which binds to DNA via the basic region. Considerable research
efforts are focused on targeting the heterodimerization interface
and the interaction of the complex with DNA. The only
available crystal structure is that of a c-MYC:MAX complex
artificially tethered by an engineered disulfide linker and
prebound to DNA. We have carried out a detailed structural
analysis of the apo form of the c-MYC:MAX complex, with no
artificial linker, both in solution using nuclear magnetic
resonance (NMR) spectroscopy and by X-ray crystallography.
We have obtained crystal structures in three different crystal forms, with resolutions between 1.35 and 2.2 Å, that show
extensive helical structure in the basic region. Determination of the α-helical propensity using NMR chemical shift analysis
shows that the basic region of c-MYC and, to a lesser extent, that of MAX populate helical conformations. We have also
assigned the NMR spectra of the c-MYC basic helix−loop−helix Zip motif in the absence of MAX and showed that the basic
region has an intrinsic helical propensity even in the absence of its dimerization partner. The presence of helical structure in the
basic regions in the absence of DNA suggests that the molecular recognition occurs via a conformational selection rather than
an induced fit. Our work provides both insight into the mechanism of DNA binding and structural information to aid in the
development of MYC inhibitors.

The c-MYC pleiotropic transcription modulator integrates
fundamental processes required for the proliferation and

survival of normal cells.1−3 Acting as both a transcriptional
activator and a repressor, c-MYC coordinates the expression of
a large, extremely diverse set of genes in a highly context-
dependent manner. These govern both intracellular functions
(i.e., cell growth, cell cycle progression, biosynthetic metabo-
lism, and apoptosis) and extracellular processes that coordinate
cell proliferation with its adjacent somatic microenvironment
(i.e., angiogenesis, invasion, stromal remodeling, and inflam-
mation).4−10 c-MYC belongs to the MYC family of tran-
scription factors that also includes N-MYC and L-MYC. In
general, c-MYC is expressed in all dividing cells from embryonic
and adult tissues, whereas N-MYC and L-MYC are expressed
only in specific embryonic and neonatal tissues (e.g., brain,
lung, liver, and kidney).11

Deregulated expression of the c-MYC protein occurs in a
broad spectrum of human cancers and is particularly associated
with aggressive disease and poor clinical outcome,11−14

indicating a crucial role for this oncogene in cancer progression.

It has also been shown that MYC programs an immune
suppressive stroma that is required for tumor progression.6 In
transgenic mouse models, inactivating c-MYC halts tumor cell
growth and proliferation15−17 without triggering tumor-escape
pathways. These studies also have shown that somatic cells
easily tolerate c-MYC inactivation, with limited side effects,
which are rapidly and completely reversible. Targeting c-MYC
is, therefore, regarded as a powerful approach for anticancer
therapy,18−20 and it is also emerging as a promising molecular
target in inflammation and heart disease.6,21,22

Although MYC physiology and pathology have been
extensively studied, we still do not know how MYC works, in
particular, the obligate role it appears to play in the genesis and
maintenance of many, perhaps all, cancers. More practically, we
need a better understanding of c-MYC structure and function
to be able to target it pharmacologically.
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c-MYC is an intrinsically disordered protein that belongs to
the basic helix−loop−helix zipper (bHLHZip) class of
transcription factors.23 It is composed of 439 amino acids
(aa) and consists of an N-terminal transactivation domain
(NTD), a C-terminal domain (CTD), and a central region. The
N-terminal domain contains the transcription activation
domain (TAD) and two highly conserved sequence elements,
known as “MYC boxes” (MBI and II), which are involved in
protein stability and transcription regulation. The central region
also contains conserved sequences, in particular a nuclear
localization signal (NLS), and MBIII and MBIV, implicated in
MYC cellular transforming activity, transcription, and apopto-
sis. The C-terminal domain (amino acids 360−439) contains
the bHLHZip motif. It plays a cardinal role in cell proliferation,
transformation, and apoptosis. Upon binding to its obligatory
partner MAX, also a bHLHZip protein, the C-terminal domain
forms an ordered α-helical structure that extends into a left-
handed coiled coil formed by the two leucine zipper motifs.24,25

This stable four-helix bundle binds to specific DNA sequences,
such as CACGTG E-box motifs, in promoters and enhancers of
MYC-regulated genes. The dimerization event is driven by the
leucine zipper and the HLH motifs, while the basic regions
interact with DNA. The helix−loop−helix region of c-MYC is
the target of diverse post-translational modifications such as
phosphorylation, acetylation, ubiquitination, and sumoyla-
tion.9,26−28 Furthermore, this region participates in protein−
protein interactions (PPIs) that mediate and regulate c-MYC
functions. To date, the only available structure of a MYC:MAX
heterodimer is a c-MYC:MAX bHLHZip complex bound to
DNA containing an E-box motif, tethered by an artificial
disulfide bridge engineered by adding a cysteine residue at the
C-terminus of the leucine zippers of both the c-MYC and MAX
proteins29 [Protein Data Bank (PDB) entry 1NKP]. Nuclear
magnetic resonance (NMR) has been used to study the chicken
viral homologue of c-MYC (v-MYC) both free and bound to v-
MAX in the absence of DNA.30 However, the sequences of the
human and chicken homologues differ significantly in this
region (Figure S1). In contrast to MYC proteins, MAX is
expressed constitutively in the cell and can form homodimers in
vitro and in vivo. MAX homodimers can also bind E-box DNA,
although at physiological levels MAX homodimers do not play
any role in regulating transcription.31 The crystal structure of
MAX dimers bound to E-box DNA has been determined,32,33

and NMR34 has been used to determine the structure of a MAX
homodimer containing mutations that increase the stability of
the dimer.
Several studies have been devoted to identifying direct or

indirect MYC inhibitors; however, a clinical candidate is not yet
available.20,35−37 For direct targeting of MYC, inhibition of c-
MYC:MAX dimerization has probably been the most “beaten
path” approach. Very promising results have been obtained in
vivo using a MYC-dominant-negative Omomyc protein20,38−42

(a variant bHLHZip domain with an engineered leucine zipper)
that disrupts the c-MYC:MAX interaction. Recently, the crystal
structures of the Omomyc homodimer in the apo form and
bound to DNA have been determined.38 As in previous studies
of c-MYC:MAX heterodimers, an engineered disulfide linker
was used to stabilize the homodimer. The large size of the c-
MYC:MAX bHLHZip interface and its lack of binding pockets
make the development of c-MYC:MAX inhibitors particularly
challenging.43,44 Recently, efforts have also been focused on
developing molecules that bind to the c-MYC:MAX dimer to
prevent it from binding to DNA.36,45

c-MYC is an intrinsically disordered protein, and the
dimerization with MAX involves a coupled folding-and-binding
process. The c-MYC:MAX apo complex could therefore be
highly plastic and undergo significant conformational changes
at the dimerization interface when bound to DNA. The
structure of the basic regions in the apo form has not been
established, but it is widely thought that they are unstructured
and undergo an extreme example of induced fit upon binding to
DNA.
c-MYC binds to diverse sites on the genome with a broad

range of affinities, including high-affinity canonical (i.e., E-box)
and low-affinity noncanonical DNA sequences,4,7 and it has also
been proposed that a partially unfolded c-MYC:MAX
heterodimer can recognize a “partial site” on the nucleosome.46

Biophysical studies of the apo form, hence, are needed to
determine the conformational changes that accompany DNA
binding to help to understand how these different DNA targets
are recognized. The structural and biophysical information
about the apo form is also relevant for the study of interactions
of the c-MYC:MAX complex with cofactors that are mediated
by the C-terminus, especially as some of these PPIs are mutually
exclusive with DNA binding. The apo form of the c-MYC:MAX
bHLHZip dimer is the target for both the dimerization
inhibition and DNA binding inhibition approaches, and thus,
the structure of the complex bound to DNA is limited in
providing a platform for structure-based design.
To provide structural information for the design of MYC

inhibitors and to gain insights into the conformational changes
induced by DNA binding, we set out to study the apo form
using a combination of NMR and X-ray crystallography.

■ MATERIALS AND METHODS

Materials. Chemicals were acquired from Sigma-Aldrich or
Fisher Scientific and used without further purification. Ni-NTA
resin was from Qiagen. HisTrap high-performance (HP) and
fast flow (FF) columns were from GE Healthcare. Amicon
centrifugal units were obtained from Millipore. Polymerase
chain reaction primers were obtained from IDT.

Protein Expression and Purification. [2H,13C,15N]c-
MYC:MAX bHLHZip Heterodimer. The title compound
(UniProt entry P01106 for c-MYC and UniProt entry
P61244 for MAX) for NMR studies was produced, purified,
and stored as previously described,47 and the integrity of the
proteins in the complex was checked by TOF MS ES+ (Figure
S2).

[13C,15N]MAX:MAX bHLHZip Homodimer for the Prepara-
tion of the Reconstituted c-MYC:MAX Complex. The sample
was obtained as a byproduct of the co-expression protocol
described previously.47 Although the homodimer has no His
tag, due to the presence of multiple exposed histidine residues,
it has an affinity for the Ni Sepharose HisTrap HP (5 mL)
column and could be separated from the His-tagged c-
MYC:MAX heterocomplex by careful elution using an
imidazole gradient. The integrity of the protein in the complex
was checked by TOF MS ES+ (Figure S2). To prepare the
sample of the reconstituted c-MYC:MAX dimer, the [13C,15N]-
MAX:MAX complex [in phosphate-buffered saline (PBS) and 1
mM dithiothreitol (DTT)] was added to a PBS/1 mM DTT
solution of unlabeled c-MYC free protein (20 μM) in a 1:1 ratio
and then concentrated to 150−200 μM (as measured on a
NanoDrop 2000 spectrophotometer, Thermo Fisher) for NMR
studies (Figure S3).
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[13C,15N]c-MYC bHLHZip Free Protein. The DNA encoding
residues 352−437 of c-MYC was cloned into the BamHI and
EcoRI sites of the pET24a vector to direct the expression of an
N-terminally histidine-tagged protein.
Chemically competent Escherichia coli BL21 (DE3) cells were

transformed with this plasmid. Cells were plated on Luria-
Bertani agar supplemented with kanamycin. A single colony was
used to inoculate a culture of either 2XTY broth or K-MOPS
minimal medium prepared containing 15NH4Cl and [13C]-
glucose. c-MYC was expressed in inclusion bodies. Cells were
grown at 37 °C to an OD600 of 0.8 and then induced with 1 mM
isopropyl β-D-1-thiogalactopyranoside. The cells were collected
after overnight expression at 37 °C by centrifugation at 4000
rpm for 15 min and resuspended in 30 mL of ice-cold lysis
buffer [20 mM Tris-HCI, 500 mM NaCl, and 1 mM DTT (pH
7.9)]. The cells were lysed via sonication, and the lysate was
cleared by centrifugation at 18000 rpm for 20 min. The pellet
was resuspended in a resolubilization 6 M urea binding buffer
(RBB) [including 20 mMTris-HCl, 500 mMNaCl, and 20 mM
imidazole (pH 8−8.5)] and loaded onto a Ni Sepharose
HisTrap FF (5 mL) affinity column, washed with a wash buffer
(WB) containing 6 M urea, 20 mM Tris-HCl, 500 mM NaCl,
and 50 mM imidazole (pH 8−8.5). The protein was then eluted
with an elution buffer (EB) with 6 M urea containing 20 mM
Tris-HCl and 500 mM NaCl (pH 8−8.5) and with a gradient
from 100 to 500 mM imidazole. The eluate was collected, and a
stepwise resolubilization/folding process was carried out in four
steps with buffers with decreased amounts of urea from 6 M to
none (i.e., 6 to 4 M, 4 to 2 M, 2 to 1 M, and 1 to 0 M urea)
containing PBS (pH 7) and 1 mM DTT at 4 °C. The sample
was then concentrated to 10−20 μM (measured on a
NanoDrop 2000 spectrophotometer). Above this concentra-
tion, some aggregation started to appear (as seen by NMR).
The integrity of the protein in the complex was checked by
TOF MS ES+ (Figure S2).
c-MYC:MAX bHLHZip Homodimer for Crystallization

Studies. For the crystallization studies, a c-MYC:MAX
bHLHZip co-expression construct encoding the same regions
of c-MYC:MAX bHLHZip (c-MYC = 352−437, MAX = 22−
102) of the complex for NMR studies was used, but with a
shorter c-MYC N-terminal His tag with a sequence of
MHHHHHHEE. Expression and purification of the protein
complex were carried as for the NMR studies that have been
previously reported.47

Mass Spectrometry (MS). Total mass analysis was
performed on a Waters LCT time-of-flight mass spectrometer
with electrospray ionization (Micromass) with protein
solutions in PBS mixed in a 1:1 ratio with 1% formic acid in
50% MeOH. Samples were injected at a rate of 10 μL min−1,
and calibration was performed in positive ion mode using horse
heart myoglobin. The MS diagrams are reported in Figure S2.
NMR. The labeled c-MYC:MAX samples prepared for NMR

spectroscopy experiments were typically at concentrations of
150−200 μM (measured on a NanoDrop 2000 spectropho-
tometer) in PBS (pH 7), 10% D2O, and 1 mM DTT. The
labeled c-MYC free protein samples prepared for NMR
spectroscopy experiments were typically at a concentration of
10 μM (measured on a NanoDrop 2000 spectrophotometer) in
the same buffer used for the labeled c-MYC:MAX complexes
[i.e., PBS (pH 7), 10% D2O, and 1 mM DTT]. NMR data
acquisition was carried out at 25 °C for both MYC:MAX
complex samples and c-MYC free protein samples, and in
addition at 5 °C for the c-MYC samples, on either a Bruker

Avance II+ 700 MHz (c-MYC free protein) or a Bruker Avance
III HD 800 MHz spectrometer equipped with a cryogenic
triple-resonance TCI probes. Topspin (Bruker) was used for
data processing, and Sparky (SPARKY 3) for data analysis. All
experiments were performed using non-uniform sampling
(NUS) at a rate of 50% of complex points in the 1H, 15N,
and 13C dimensions and reconstructed using compressed
sensing.48 Backbone assignments were made using the
following standard set of three-dimensional (3D) heteronuclear
NMR experiments, i.e., HNCO, HN(CA)CO, HNCA,
HNCACB, and CBCA(CO)HN, on 2H-, 13C-, and 15N-labeled
samples for the c-MYC:MAX bHLHzip complex and via
examination of HSQC spectra of the unlabeled c-MYC:
[13C,15N]MAX bHLHZip reconstituted complex. The addi-
tional assignments for the c-MYC:MAX complex have been
deposited in the Biological Magnetic Resonance Bank (see
updated BMRB entry 27571). The same set of experiments was
used for the 13C- and 15N-labeled samples for c-MYC free
protein. The assignments for c-MYC free protein have been
deposited in the Biological Magnetic Resonance Bank (BMRB
entry 12033).

Crystallography. Protein Crystallization. Purified protein
was buffer exchanged into 20 mM Tris and 100 mM NaCl (pH
7.0) and concentrated to 10 mg/mL, as measured on a
NanoDrop 2000 spectrophotometer. The crystallization screen-
ing set of plates [22 LMB plates (LMB 01−LMB 22), 1112
conditions overall] from the UKRI Medical Research Council
(MRC), Laboratory of Molecular Biology (LMB) Crystal-
lization Facility,49 and the MORPHEUS III crystallization
screen (see below for details) were applied to the c-MYC:MAX
bHLHZip complex. A common approach included single drops
with final volumes of 200 nL with a 1:1 ratio (100 nL of protein
and 100 nL of precipitant solution). Drops were set with a
nanoliter-dispensing MOSQUITO robot (TTP Labtech).
Crystals of the c-MYC:MAX bHLHZip complex were grown

using the vapor diffusion method at 4 °C. Crystals were
obtained under the following conditions: crystals of Collect 5/
PDB entry 6G6K, 10% PEG 8000, 20% ethylene glycol, 5%
EtOH, and 0.1 M MOPS/HEPES-Na (pH 7.5), with 0.075%
(w/v) of each additive [0.75% menthol, 0.75% caffeic acid,
0.75% D-quinic acid, 0.75% shikimic acid, 0.75% gallic acid
monohydrate, and 0.75% N-vanillylnonanamide] (plate LMB
22, an in-house test formulation of the MORPHEUS III
crystallization screen); crystals of Collect 2/PDB entry 6G6J,
20% PEG 3350 and 0.2 M sodium sulfate decahydrate (pH 7)
(plate LMB 05); crystals of Collect 7/PDB entry 6G6L, 15%
PEG 8000 15 and 0.2 M ammonium sulfate (pH 7) (plate LMB
09).
For freezing, crystals were then immersed in the precipitant

solution supplemented with 20% (v/v) glycerol for Collect 2
and 7 or with no cryoprotectant for Collect 5, prior to
vitrification by direct immersion into liquid nitrogen. High-
resolution data sets were collected remotely at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) on
beamline ID23-I for Collect 5 and at Diamond Light Source
(DLS, Harwell, U.K.) on beamline I03 for Collect 2 and 7.

MORPHEUS III Crystallization Screen. The MORPHEUS III
crystallization screen was formulated according to methods
described elsewhere,50 with notably the ratio of volumes for the
stock solutions that is fixed for each condition: 0.5 stock of
cryoprotected precipitant mix, 0.1 stock of a mix of additives,
0.1 stock of the buffer system, and 0.3 water. The four
cryoprotected precipitant mixes and three buffer systems were
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similar to the original MORPHEUS screen;51 nonetheless,
alternative additive mixes were integrated (Tables S1 and S2).
For this, additives were selected as PDB-derived ligands
(nucleosides and cholic acid derivatives), phytochemicals
(initially diluted in a 50% ethanol solution), vitamins, well-
known antibiotics, and anesthetic alkaloids. To complete the
formulation, dipeptides were integrated. The corresponding
chemicals were ordered from Sigma-Aldrich (95−99% purity).
The formulation of the resulting 96-condition screen is shown
on Tables S1 and S2.
Determination of the Structure of the c-MYC:MAX

bHLHZip Apo Complex. Diffraction data were indexed and
integrated with XDS52 and scaled and merged with SCALA.53

Data were integrated using XDS and scaled using SCALA. The
phases were determined by molecular replacement using
PHASER and PDB entry 1NKB. Density modification
produced experimental maps that allowed manual refinement
using COOT.54 The structures were subsequently further
refined using Phenix.55 The validity of all models was routinely
determined using MOLPROBITY and by using the free R
factor to monitor improvements during building and crystallo-
graphic refinement. Data collection and refinement statistics are
listed in Table S3. Collect 2 and Collect 5 both have four
molecules (two dimers) of the c-MYC:MAX complex per
asymmetric unit, whereas eight molecules (four dimers) of the
heterodimeric complex were found in the asymmetric unit of
Collect 7. Both P1 crystals exhibited pseudo-C2 symmetry,
which was subsequently resolved using space group P1.
Size Exclusion Chromatography−Multiangle Light Scat-

tering (SEC−MALS). Samples for SEC−MALS analysis were
prepared by preincubating the c-MYC:MAX bHLHZip apo
complex with the E-box DNA in a 1:1 ratio with PBS. Then 100
mL of the c-MYC:MAX bHLHZip complex bound to DNA
(0.22 μm filtered with a concentration of 23 μM) was injected
at a rate of 0.5 mL/min and resolved on a GE Superdex75 10/
300 GL (GE Healthcare) analytical column equilibrated in PBS
buffer (pH 7), which is consistent with multiangle laser light
scattering using a Wyatt HELEOS-II 18-angle photometer
coupled to a Wyatt Optilab rEX differential refractometer
(Wyatt Technology Corp.). Molecular weight calibration was
performed with bovine serum albumin (BSA), and masses were
averaged in the indicated regions using a dn/dc increment of
0.1807 (as the sample is two-thirds protein and one-third
DNA). Data were collected and analyzed using ASTRA
software (Figure S4).

■ RESULTS AND DISCUSSION
Assessment of Secondary Structure Propensities of

the bHLHZip c-MYC:MAX Dimer Using NMR Chemical
Shifts. Previously, we have determined assignments for the
bHLHZip c-MYC:MAX dimeric complex.47 Essentially com-
plete assignments of the HLHzip regions were obtained for
both proteins, but only partial assignments of the basic region of
c-MYC and no assignments for the MAX basic region were
reported because of peak overlap and line broadening. In an
effort to determine more assignments for these regions, NMR
acquisition strategies that allow the recording of very high
resolution 3D spectra were employed,48 as this is particularly
useful for the analysis of highly overlapped spectra of
intrinsically disordered regions and/or proteins (Figure 1). In
addition, a sample was prepared in which only MAX was
isotopically labeled by reconstituting the heterodimer by mixing
(1:1 ratio) 15N-labeled homodimeric MAX with unlabeled c-

MYC protein (Figure S3). Analysis of these spectra yielded
additional assignments for both proteins (Figure 1; see updated
BRMB entry 27571). Only the assignments of five residues in c-
MYC (R357, T358, R367, N368, and E369) and five residues in
MAX (H27, H28, R36, D37, and H38) could not be obtained
due to the absence of peaks and line broadening in the 1H/15N
HSQC spectra. Most of these residues are in the junction
between the basic region and helix 1 in both c-MYC and MAX.
Other research groups have reported that they have not been
able to obtain full assignments of this region for either v-MYC-
MAX30 or MAX-MAX dimers.34

The availability of the additional assignments allowed us to
make use of recently developed methods that use chemical shift
data to assess secondary structure populations. In particular, we
have employed the δ2D program developed by Vendruscolo
and colleagues56 that analyzes NMR chemical shifts to provide
quantitative information about the probability distributions of
secondary structure elements in both folded and disordered
states. As illustrated in Figures 2 and 3, the zipper region in both
c-MYC and MAX is predicted to populate a nearly 100% α-
helical conformation in solution.
Helix 2 in both c-MYC and MAX also populates a helical

conformation at a very high percentage. In both c-MYC and
MAX, a drop below 90% of helical state is predicted in the
middle of the helix, at the equivalent residues K398 in c-MYC
and K66 in MAX. Another significant dip is observed for
residue M74 in MAX at the junction between helix 2 and the
zipper region.
As expected, the loops in both proteins primarily sample a

coil conformation, except for residues P382 and E383 of MYC
that shows a predicted helical state of 55%.
Helix 1 shows significant differences between the two

proteins: MAX has a nearly 100% populated helical
conformation, while in c-MYC, a substantial drop in helical
conformation can be observed. This helicity drop is centered
around residue F375, a highly conserved, solvent-exposed
phenylalanine, for which there is no equivalent residue in MAX.
It is interesting to note that residue S373 undergoes

Figure 1. 1H/15N HSQC spectra of the 2H-, 13C-, and 15N-labeled c-
MYC:MAX bHLHZip apo complex. The star indicates a resonance
from the histidine tag.

Biochemistry Article

DOI: 10.1021/acs.biochem.9b00296
Biochemistry 2019, 58, 3144−3154

3147

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00296/suppl_file/bi9b00296_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00296/suppl_file/bi9b00296_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00296/suppl_file/bi9b00296_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00296/suppl_file/bi9b00296_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00296/suppl_file/bi9b00296_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.9b00296


phosphorylation that blocks dimerization.57 The fact that this
region is suggested to sample a coil conformation could make
this site more amenable to the post-translational modification.
The basic regions are predicted to show a varying mixture of

helical and coil conformations. In c-MYC, residues in the N-
terminal part of the basic region are predicted to have a small
helical population while residues in the C-terminal portion of
the basic region of c-MYC are predicted to have a larger helical
population, reaching a maximum probability of 67% for residue
R366, after which peaks could not be assigned. With regard to
MAX, the equivalent residues are also predicted to adopt a
significant helical conformation, but to a degree markedly lower
than that in c-MYC (∼25%).
To understand whether the helical propensity of the residues

in the basic region of c-MYC in the c-MYC:MAX complex is
the result of the dimerization event or is the intrinsic property
of the amino acid sequence, we set out to study by NMR the
free form of the c-MYC bHLHZip protein.
NMR Studies of the Free Form of the c-MYC bHLHZip

Protein. NMR assignments of the free form of the c-MYC
bHLHZip protein were obtained using 15N- and 13C-labeled
samples employing standard triple-resonance experiments.
Compared to the heterodimeric complex, we observed that
free c-MYC is less soluble because it is prone to aggregation at

concentrations above 10−20 μM. The spectra showed a marked
dependence on temperature with more peaks being visible in
15N/15N HSQC spectra recorded at 5 °C.
Complete assignments of the residues in free c-MYC, which

correspond to the N-terminus of helix 2 and the loop, helix 1,
and basic regions in the c-MYC:MAX complex, were obtained
(Figure 4, BMRB entry 12033). The rest of helix 2 and the
zipper region, which drives dimerization with MAX, could not
be assigned due to the absence of peaks corresponding to these
residues. Our findings have been independently confirmed by
Macek et al.,58 who reported results similar to ours while this
study was underway.
The analysis of the secondary structure populations of these

regions using the δ2D program predicts a level of the helical
state in the region corresponding to the basic module in the c-
MYC:MAX complex of ≤44% (Figure 5). The propensity to be
helical is lower in the free form than in c-MYC bound to MAX,
but this shows that even in the absence of dimerization, residues
in the basic region populate a helical conformation.
Compared to the basic region, there is then a much smaller

percentage of helicity in the regions corresponding to helix 1
and even less at the N-terminus of helix 2, in contrast with the
results for c-MYC when in complex with MAX.

Figure 2. Secondary structure populations for c-MYC in the complex with MAX as determined from NMR chemical shifts using the δ2D program.
The absence of a value for the α-helical secondary structure population along the Y axis indicates a lack of assignments for the residue. The program
does not determine values for the first and last residues of the amino acid sequence.

Biochemistry Article

DOI: 10.1021/acs.biochem.9b00296
Biochemistry 2019, 58, 3144−3154

3148

http://dx.doi.org/10.1021/acs.biochem.9b00296


Assignments of the NH, N, and Cα resonances of the v-MYC
bHLHZip protein have been reported.59 These are insufficient
to carry out secondary population analysis, but general
secondary structure propensities could be inferred. Trends
similar to those observed for c-MYC were found for the basic
region, which has an identical amino acid sequence in v-MYC
and c-MYC, and also for helix 1 and the N-terminus of helix 2,
although these regions have differences in amino acid sequence.
Instead, in free v-MYC the zipper region could be detected and
assigned and was shown to have a significant helical propensity.
One could postulate that the absence of peaks for this region in
the spectra of free c-MYC is due to line broadening produced
by the rate of the helix−coil transition or formation of a very
low affinity, transient homodimer. The amino acid sequences of
v-MYC and c-MYC differ significantly in this region (Figure
S1). The differences observed between the zipper regions in c-
MYC and v-MYC are likely due to differences in their amino
acid sequences affecting the interconversion rate, or the ability
to form homodimers. The zipper region is a target for the
discovery of drugs that directly inhibit MYC. The binding of a
small molecule to this region could alter the processes that
affect the peak intensities in the free form, so NMR could still

be used to examine interactions of molecules with this region of
c-MYC. The differences observed for the zipper region,
however, caution against using v-MYC as a surrogate for c-
MYC for these studies.
Our NMR studies of the c-MYC:MAX complex show that

even in the absence of DNA the basic region of MYC and to a
lesser extent that of MAX are predicted to be able to adopt a
helical conformation. We thus set out to determine if these
helical conformations that are present in partial amounts can be
crystallized and, if they can be, to determine their structure.

Crystal Structures of the Apo Form of the c-MYC:MAX
bHLHZip Heterodimeric Complex. Due to the dynamic
nature of the system and its partially disordered nature that was
observed in solution by NMR, we expected that crystallization
of the c-MYC:MAX bHLHZip heterodimeric complex in the
absence of DNA would be challenging, so a large number of
initial crystallization conditions were screened. We employed
the same c-MYC:MAX bHLHZip construct used in the NMR
studies (i.e., without an artificial linker) but with a shorter
histidine tag. Three crystal forms were obtained at different
resolutions: 2.25 Å (PDB entry 6G6J), 2.20 Å (PDB entry
6G6L), and 1.35 Å (PDF entry 6G6K) (Figure 6).

Figure 3. Secondary structure populations for MAX in the complex with c-MYC as determined from NMR chemical shifts using the δ2D program.
The absence of a value for the α-helical secondary structure population along the Y axis indicates a lack of assignments for the residue. The program
does not determine values for the first and last residues of the amino acid sequence.
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Crystallization was carried out at room temperature (20 °C)
and 4 °C, but crystals were obtained only at the lower
temperature.
Initially, we employed the screening set of LMB plates from

the UKRI MRC LMB Crystallization Facility,60 which yielded
the two crystal forms with lower resolution. Electron density in
these forms was seen for the zipper, loop, helix 2, all helix 1
regions, and part of the basic region for both c-MYC and MAX.
The residues of helix 1 and the basic regions also adopt a helical
conformation even in the absence of DNA. In an attempt to
improve the resolution and to see if it was possible to obtain
data for the entire basic region for drug discovery purposes, we
then employed advanced crystallization screening conditions
that were under development at the time of our study, i.e.,
MORPHEUS III. This allowed us to obtain a crystal form that
diffracted at 1.35 Å and to determine an apo structure of the c-
MYC:MAX bHLHZip complex that contains the entire basic
region of c-MYC and all but the first helical turn of MAX. For
this structure, the lowest B factors are found in the helices of the
HLH motif. The loops within this motif in contrast have high B
factors. There is a progressive increase in B factors toward the
C-terminus of the leucine zipper. Within the basic regions
proceeding from the N-terminus, there is a progressive decrease
in B factors, correlating with the degree to which the helical
state is populated in solution from the analysis of the NMR
spectroscopy data (Figure S5).
The three different crystal forms have two, two, and four c-

MYC:MAX dimers within the asymmetric unit. The only
significant protein−protein interaction in any of the crystal
forms was between the basic regions of the two MAX proteins
from each heterodimer within the asymmetric unit of the
6G6K/Collect 5 structure (1.35 Å). In the structure of the c-
MYC:MAX dimer bound to DNA, packing mediated by direct
protein−protein interactions was observed through the zipper
regions that packed in an antiparallel fashion. This form of
packing was not observed in any of the crystal forms of the apo

structure. It has been suggested that the packing within the
asymmetry unit of the c-MYC:MAX/DNA complex (with 1.9 Å
resolution) reflects an interaction that takes place in vivo. NMR
studies of our bHLHZip construct were consistent with the
dimer being in a monomeric form in solution both free and
bound to DNA. Furthermore, SEC−MALS analysis (Figure S4)
of the DNA-bound complex of the c-MYC:MAX bHLHZip
dimer used in this study shows that it is in a monomeric state.
A more detailed analysis of the three crystal structures of the

apo form reveals a series of commonalities and differences
between c-MYC and MAX. With regard to the zipper region,
there is no significant conformational difference between the
crystal forms (Figure 6). Consistent with the NMR data, the
zipper region helices of both MYC and MAX extend to
encompass all of the heptad repeats (even in the absence of the
disulfide linker). In our construct, the residues in MYC that
form the GGC linker for the disulfide bridge in the c-
MYC:MAX/DNA complex are replaced with the native RNS
sequence, which forms an additional helical turn. In MAX, the
helix ends at R100 as in the structure with the disulfide linker
(Figure 7). With regard to the zipper region, there is no
significant difference among the three apo complexes or
between them and the DNA-bound complex. Similarly, there
are no conformational differences in helix 1 and helix 2 among
the three crystal structures of the apo form and no structural
differences between the apo complex and the heterodimer
bound to DNA. It is important to emphasize that there is no
deviation from helicity for helix 1 in MYC. This suggests that
the 25% loss in the helical state observed, which is not seen for
helix 1 in MAX, is likely to be due to the intrinsic instability of
this region in MYC.
The loop region in c-MYC, which contains the ubiquitylation

site lysine 389, adopts different conformations in the three
structures of the apo form (Figure S6), all of which differ from
the structure in the DNA-bound complex (Figure 7). We can
observe the formation of a short 310 helix for residues P382−
L384 in two of the three crystal forms (Figure 6 and Figure S6),
which reflects the dynamic nature of the loop. This concurs
with the NMR analysis that shows a 55% predicted population
of helical conformation for residues P382 and E383. The loop
in MAX, which is shorter than that in c-MYC, presents one
conformation in all of the structures (Figure S6), which is
identical to that seen in the structure of the DNA-bound
complex (Figure 7).
The greatest differences both among the three apo structures

and between them and the DNA-bound complex are seen in the
basic regions. The amounts of the basic regions visible vary
among the different crystal forms. Strikingly, in all of the
structures, less of the basic region can be observed in MAX than
in c-MYC. In the highest-resolution structure (Collect 5/
6G6K), we can see the entire basic region of c-MYC. In the two
other crystal forms, instead, less of the basic region of c-MYC is
visible, as in both Collect 7/6G6L and Collect 2/6G6J residues
N353−H359 are missing. For MAX, the full basic region is not
visible in any of the crystal forms. Even in the structure with the
highest resolution, residues D23, K24, and R25 are still missing
(Figure 6). In the other crystal forms, even less of the basic
region is visible. In Collect 7/6G6L, residues D23−L31 are
missing, and in Collect 2/6G6J, the density for residues D23−
E32 is also not observed.
The crystal structure of the complex bound to DNA has

revealed that the E-box sequence is recognized by contacts with
the DNA bases made by residues H359, E363, and R367 in

Figure 4. 1H/15N HSQC spectra of the 13C- and 15N-labeled free c-
MYC bHLHZip protein. The star indicates a resonance from the
histidine tag.
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MYC and by residues H28, E32, and R36 in MAX. Residues
K355 and R356 in MYC and residues K24 and R25 in MAX
also contact the phosphate backbone in the DNA. Compared to
the structure of the complex bound to DNA (Figure 7), in the
highest-resolution structure of the apo form all of the residues
in MYC that make contact with the DNA bases and the
phosphate backbone of the DNA are present and in a helical
conformation. However, the helices deviate to enable H359 to
contact the G base of the E-box motif but especially for residues
R356 and K355 to contact the phosphate backbone. With
regard to MAX, in this structure all of the residues contacting
the DNA bases are visible and in an helical conformation, but
the residues contacting the phosphate backbone are missing.
Therefore, the distortion in the helical conformation is less
marked.

■ CONCLUSIONS

The crystal structures of the c-MYC:MAX complex in its apo
form in combination with NMR studies have enabled a better
understanding of the conformational plasticity of this system
and its relationship with DNA binding.
The basic regions have been historically assumed to be in an

unstructured form prior to binding to DNA. They were thought
to become helical only when bound to DNA, as part of an

induced fit binding mechanism. Consequently, these regions
were typically removed in other crystallization studies of apo
dimeric complexes of bHLHZip proteins.38,61 Our NMR
studies have shown that the apo complex is indeed a dynamic
system with the basic regions adopting coil structures for a
significant portion of the time, but we have also shown that
these regions can also populate helical conformations. The
sampling of a wide range of crystallization conditions has
enabled us to capture the transiently populated more ordered
states in a crystal lattice. We argue that the formation of a helix
in the basic region is driven by both formation of helix 1 via
dimerization and the intrinsic helical propensity of the basic
region of the free c-MYC protein observed by NMR. This
would result in the formation of a population of preformed
helices, which include the amino acid residues contacting DNA.
This implies that molecular recognition occurs via conforma-
tional selection rather than an induced fit mechanism. In fact,
the only evidence of any induced fit is the small distortion
observed at the beginning of the helix of the basic region of
MYC that allows for optimal contacts with the DNA.
The basic regions of c-MYC and MAX behave differently in

both the degree to which they populate a helical conformation,
as determined by the NMR chemical shift analysis, and the
crystal structures where this region in MAX is consistently less

Figure 5. Secondary structure populations for the c-MYC free protein as determined from NMR chemical shifts using the δ2D method. The absence
of a value for the α-helical secondary structure population along the Y axis indicates a lack of assignment for the corresponding residue on the X axis.
The program does not determine values for the first and last residues of the amino acid sequence.
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visible. This shows that in the heterodimeric complex the basic
regions have distinct conformational properties that could affect

the ability of the complex to recognize noncanonical DNA
sequences, such as half-site recognition4 or recognition of
sequences in different structural contexts.46

One feature of the spectrum of the complex is the absence of
peaks at the junctions between the start of helix 1 and the end of
the basic region. This is where there is a transition between
highly populated and less populated helical structure, and a
dynamic process associated with this transition most probably
leads to line broadening to a point where the peaks are not
detectable. The formation of the extended helix made by helix 1
and the basic region will be energetically unfavorable as the
highly charged residues in the basic regions are brought into
their proximity by the formation of helices in the heterodimeric
complex. This would account for the observation that the
removal of the basic regions of both c-MYC and MAX results in
significant stabilization of the heterodimer.47 This destabiliza-
tion may also contribute to the fraying of helix 1 where it
merges with the basic region. The plastic nature of helix 1 in the
apo form of c-MYC, which is primarily in a coil conformation in
the free form, may be an attractive feature to exploit for
targeting MYC with small molecules that trap it in a
conformation that cannot bind to DNA.
In conclusion, this study shows that a combination of

different structural and biophysical techniques is needed both
to understand the molecular interactions and to target a
complex system as c-MYC that includes both folded and
disordered/partially folded regions. We now have in hand a
powerful set of tools and a proper understanding of the
behavior of the c-MYC protein both by itself and in complex
with MAX that can underpin the development of effective
chemical approaches to target MYC.

Figure 6. Side-by-side comparison of the cartoon representations of
the three crystal structures of the c-MYC:MAX bHLHZip apo
complex. (a) For each of the crystal structures, for MYC, the zipper
region is colored yellow, helix 2 magenta, the loop cyan, and helix 1
red, and for MAX, the corresponding regions are all colored gray. The
basic region in MYC is colored green, and that in MAX light green. (b)
Table showing the missing residues in each of the free crystal forms.

Figure 7. Cartoon representations of the superposition of the crystal structures of the c-MYC:MAX complex in its apo form and bound to DNA. (a)
Overall view of the superimposition of the highest-resolution structure (PDB entry 6G6K) with c-MYC colored blue and MAX colored magenta and
the 1NKP structure with c-MYC colored green and MAX colored yellow. (b and c) Details of the MYC basic region with residues K355, R356, H359,
E363, and R367 that make contact with DNA shown as red sticks, and the same residues are colored orange in the crystal structure of the apo form.
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