Max: A Helix-Loop-Helix Zipper Protein That
Forms a Sequence-Specific DNA-Binding
Complex with Myc
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The myc protooncogene family has been implicated in cell
proliferation, differentiation, and neoplasia, but its mech-
anism of function at the molecular level is unknown. The
carboxyl terminus of Myc family proteins contains a basic
region helix-loop-helix leucine zipper motif (b HLH-Zip),
which has DNA-binding activity and has been predicted
to mediate protein-protein interactions. The bHLH-Zip
region of c-Myc was used to screen a complementary
DNA (cDNA) expression library, and a bHLH-Zip pro-
tein, termed Max, was identified. Max specifically associ-
ated with c-Myc, N-Myc, and L-Myc proteins, but not
with a number of other bHLH, bZip, or bHLH-Zip
proteins. The interaction between Max and c-Myc was
dependent on the integrity of the c-Myc HLH-Zip do-
main, but not on the basic region or other sequences
outside the domain. Furthermore, the Myc-Max complex
bound to DNA in a sequence-specific manner under
conditions where neither Max nor Myc exhibited appre-
ciable binding. The DNA-binding activity of the complex
was dependent on both the dimerization domain and the
basic region of c-Myc. These results suggest that Myc
family proteins undergo a restricted set of interactions in
the cell and may belong to the more general class of
eukaryotic DNA-binding transcription factors.

including ¢-Myc, N-Myc, and L-Myc proteins, function in

cell proliferation, differentiation, and neoplastic disease (1).
However, there is as yet no consensus as to the molecular mecha-
nism by which Myc mediates its biological effects. The Myc proteins
are nuclear phosphoproteins with short half-lives and nonspecific
DNA-binding activities (2). Functionally important regions exist at
both the amino and carboxyl termini of the c-Myc protein (3-5).
Indeed, the carboxyl-terminal 85 amino acids of the Myc family
proteins share significant sequence similarity with two classes of
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transcription factors, the basic region helix-loop-helix (P HLH) and
basic region leucine zipper (bZip) proteins, both of which have
basic regions adjacent to their dimerization domains. The bHLH
family includes over 60 proteins in vertebrates, yeast, plants, and
insects; many, if not all, exhibit nuclear localization, are sequence-
specific DNA-binding proteins, and function as transcriptional
regulators (6). The region of sequence similarity shared by Myc and
other proteins in this class is a critical determinant of function and
contains a stretch of basic amino acids followed by two putative
amphipathic « helices that flank an Q-type loop (7, 8). Studies of
several other bHLH proteins have demonstrated that the HLH
region mediates formation of homo- or heterodimers, which in turn
permits the basic regions to form a DNA contact surface (9-11).
Myc family proteins differ from the bHLH family in that adjacent
and carboxyl-terminal to their bHLH motif is another a helix that
contains a heptad repeat of leucine residues. This structure is
characteristic of the dimerization domains of the bZip family of
transcriptional regulators (12). The array of nonpolar amino acids
forms a hydrophobic face along the amphipathic helix, facilitating
specific association of bZip proteins through a parallel coiled-coil
interaction (13). Dimerization is critical for DNA binding (14, 15).

For c-Myc there is substantial evidence that the bHLH region and
the adjacent leucine zipper motif are functionally important. Dele-
tions within these regions result in loss or alteration of transforming
activity (3, 16) as well as reduction of the capacity to autoregulate
endogenous myc expression and to inhibit cell differentiation (4, 5).
In addition, a bacterially expressed fusion protein that contains the
bHLH-Zip domains of c-Myc has sequence-specific DNA-binding
activity (17) .

The biological importance of and structural similarities in the
carboxyl terminus of c-Myc suggest that Myc functions as a com-
ponent of an oligomeric complex. While Myc self-association has
been demonstrated with relatively high concentrations of bacterially
expressed Myc protein (18), coprecipitation, chemical crosslinking,
and dimerization motif chimeras fail to demonstrate homodimeriza-
tion of Myc under physiological conditions (1, 19, 20). Because
functionally relevant interactions occur among members of the
bHLH and bZip classes (9, 15, 21, 22), and c-Myc has not yet been
found to associate with members of either group (10, 15, 16), we
hypothesized that Myc function may depend on heterotypic inter-
action with an unknown protein. We now describe the cloning of
such a Myc binding factor.

Functional cloning of a Myc binding protein. Biologically
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interactive proteins have been identified by functional cloning (23).
This work encouraged us to use the c-Myc bHLH-Zip region to
identify proteins from a Agtl1 cDNA expression library that interact
with Myc. We prepared a construct that consisted of the carboxyl-
terminal 92—-amino acid residues of human c-Myc fused to the
carboxyl terminus of glutathione S-transferase (GST-MycC92) (Fig.
1A). This bacterially expressed fusion protein was soluble, easily
purified, and contained 17 tyrosines as potential iodination sites
(only one of which lies within the Myc segment). Furthermore, this
protein, which was used to identify a specific DNA-binding se-
quence for c-Myc (17), contains the complete bHLH-Zip region
and thus should have the minimal structure required for DNA
binding and protein interaction.

GST-MycC92 was expressed. in Escherichia coli, purified by glu-
tathione-agarose affinity chromatography and '?*I-labeled to high
specific activity (24). For cloning we used a random-primed Agtll
expression library derived from a baboon lymphoblastoid cell line
(25). Phage from this library produce nearly full-length B-galacto-
sidase proteins fused with the open reading frames of the direction-
ally cloned cDNA’s. More than 10° plaques were screened for their
ability to interact with '?*I-labeled GST-MycC92 (26). Several
potential positive plaques were identified, two of which (Max11 and
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Fig. 1. Functional cloning of a Myc binding protein. (A) Diagram of the
GST-MycC92 fusion protein used for iodination and screening. CKII, casein
kinase II phosphorylation site; BR, basic region; HLH, helix-loop-helix;
LZ, leucine ugcr (B) Plaques that exp g galactosidase fusion proteins
were screened for their ability to react wn:h 1*T-labeled GST-MycC92. Top
left, secondary plating of five putative positives demonstrates the reactivity of
two of the laques, Max11 and Maxl14. Top right, as a negative
control, GST was labeled to a similar specific activity and com with
GST-MycC92 for binding to Max14 plaques. Bottom, binding of GST-
MycC92 to Max14 plaques was assayed with or without affinity purified
carboxyl terminal-specific anti-Myc (Ab) or peptide immunogen (peptide).
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Max14) survived multiple rounds of plaque purification (Fig. 1B).
Because the observed binding might have been mediated by the

sgguenca in the fusion protein, the plaquw were probed with

125].labeled to the same specific activity as GST-MycC92. Only
the GST fusion protein that contained c-Myc, and not GST alone,
reacted with the Max14 plaques (Fig. 1B). In addition, affinity-
purified antibodies to the 12 carboxyl-terminal amino acids of
human c-Myc (anti-Myc) (27) partially blocked the binding of
GST-MycC92 to the plaques in a manner that was prevented by
addition of the peptide immunogen (Fig. 1B). To confirm that the
association of GST-MycC92 with Max11 and Max14 was attribut-
able to specific protein-protein interaction, Maxll and Max14
lysogen proteins were fractionated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to nitrocellulose filters,
and subjected to protein blotting with '25I-labeled GST-MycC92.
While GST-MycC92 failed to bind to B-galactosidase alone, it did
bind to B-galactosidase fusion proteins in both Max11 and Max14
lysates (16). These results indicate that the Myc-containing segment
of GST-MycC92 specifically interacts with the protein products
encoded by Max11 and Max14 cDNA’s.

Identification of a helix-loop-helix—zipper domain in Max.
Nucleotide sequence analysis (28) of the inserts from both of the
GST-MycC92 reactive Agtll phages demonstrated that Max11 and
Max14 encode the same protein as defined by the B-galactosidase
open reading frame. Both appear to be partial, overlapping cDNA’s.
Max11 and Max14 encode 124 and 131 amino acids, respectively,
between the junction with B-galactosidase and a TAA termination
codon (29). Subsequent isolation of several overlapping cDNA’s
from a Manca (human Burkitt’s lymphoma cell line) Agtl0 library
permitted deduction of an apparently complete open reading frame
for Max that encodes 151 residues (Fig. 2). This is based on the

.. CAG TGG CCG CTC CCT GGG CCG TAG GAA ATG AGC GAT AAC GAT GAC ATC GAG 24
b Met Ser Asp Asn Asp Asp Ile Glu 8

GAA GAG CAA CCG AGG TTT CAA TCT GCG
Glu Glu Gln Pro Arg Phe Gln Ser Ala

GTG GAG AGC GAC GCT GAC AAA CGG GCT CAT CAT AAT GCA CTG GAA CGA AAA CGT 18
Val Glu Ser Asp Ala Asp Lys Arg Ala His His Asn Ala Leu Glu Arg Lys Arg 26
+ 0+ + 0+ 4+

AGG GAC CAC ATC AAA GAC AGC TTT CAC AGT TTG CGG GAC TCA GTC CCA TCA CTC 132

Arg Asp His Ile L!s AsE Ser Phe His Ser Leu Arg Ase Ser Val Pro Ser Leu 44
+

CAA GGA GAG AAG GCA TCC CGG GCC CAA ATC CTA GAC AAA GCC ACA GAG TAT ATC 186

Gln Gly Glu Lxs Ala Ser Arg Ala Gln Ile Leu Asp Lxs Ala Thr Glu Iyr Ile 62

CAG TAT ATG CGA AGG AAA AAC CAC ACA CAC CAG CAA GAT ATT GAC GAC CTC AAG 240
Gln Tyr Met Arg Arg Lys Asn His Thr Bis Gln Gln Asp Ile Asp Asp Leu Lys 80

CGG CAG AAT GCT CTT CTG GAG CAG CAA GTC CGT GCA CTG GAG AAG GCG AGG TCA 294
Arg Gln Asn Ala Leu Leu Glu Gln Gln Val Arg Ala Leu Gly Lys Ala Arg Ser 98

AGT GCC CAA CTG CAG ACC AAC TAC CCC TCC TCA GAC AAC AGC CTC TAC ACC AAC
Ser Ala Gln Leu Gln Thr Asn Tyr Pro Ser Ser Asp Asn Ser Leu Tyr Thr Asn

348
116

GCC AAG GGC AGC ACC ATC TCT GCC TTC GAT GGG GGC TCA GAC TCC AGC TCA GAG
Ala Lys Gly Ser Thr Ile Ser Ala Phe Asp Gly Gly Ser Asp Ser Ser Ser Glu

402
134

TCT GAG CCT GAA GAG CCC CAA AGC AGG AAG AAG CTC CGG ATG GAG GCC AGC TAA
Ser Glu Pro Glu Glu Pro Gln Ser Arg Lys Lys Leu Arg Met Glu Ala Ser ***
- - - + 0+ o+ +

453
151

GCC ACT CGG GGC AGG CCA GCA ATA ARA ...

Flg. 2. Nucleotide and amino acid sequences of Max. The Max open reading
frame, as generated from overlapping Manca cell cDNA’s (human), encodes
a 151-amino acid polypeptide. The 9-amino acid insertion found in several
PCR clones is shown above the inverted triangle. Helix I and helix II of the
bHLH homology region are underlined, while the hydrophobic heptad
repeat, which extends from helix II into the zipper region, are in bold face
and underscored. Basic and acidic regions are identified by their charge (+ or
—), and termination codons are marked by asterisks.
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assignment of an AUG in relatively good context for translational
initiation (30) that was preceded by an upstream, in-frame termina-
tion codon. This amino acid sequence probably represents the
complete Max open reading frame, because antibodies to Max
(anti-Max) were used to immunoprecipitate a cellular protein that
comigrated with, and produced an identical tryptic peptide map as,
the in vitro translation product of the Max cDNA (16). Sequencing
of Max-specific polymerase chain reaction (PCR) products from
Manca cDNA’s revealed a pumtivc variant form of Max that differed
only by a 9-amino acid insertion amino-terminal to the basic region
(Fig. 2, inverted triangle). In the cxpcnmcnts described below, we
utilized a Max cDNA that lacked this insertion.

A computer search of the protein database (PIR Version 25)
revealed sequence similarity between a segment of the Max open
reading frame and the bHLH proteins, including members of the
Myc family (Fig. 3A). The Max sequence in this region represents a
nearly exact match with the HLH consensus (Fig. 3A, bottom) (31).
The similarity among Max and the bHLH proteins also extends in
the amino-terminal direction into a basic region of Max. The Max
sequence just carboxyl terminal to helix II contains a series of
hydrophobic amino acid residues, three of which are leucines,
spaced seven residues apart (Fig. 3A, boxed residues). Helical wheel
analysis (12) of this region suggests that the amphipathic helix II
may extend into and beyond the three leucines. These leucines and
the other nonpolar residues might form a hydrophobic face similar
to that in the leucine zipper proteins.

The Max polypeptide sequence is hydrophilic in nature. More
than one-third of its residues are charged, and the most abundant
amino acid is serine (14 percent). Max contains no cysteines.
Despite a predicted molecular size of 17,200 daltons, Max, like Myc,
exhibits aberrant electrophoretic mobility in SDS-polyacrylamide
gels (see Fig. 5A). The organization of the Max cDNA protein
coding sequence and the relative extents of the basic, HLH, zipper,
and carboxyl-terminal regions are depicted in Fig. 3B. The similarity
of Max with other bHLH proteins is limited to the Max bHLH
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terminal 89 amino acids; ALZ, deletion of the leucine zipper; ABR, basic
region deletion; AHelix 1, helix I deletion; ACKII, casein kinase IT phos-
phorylation site deletion (36); ProZip, proline was substituted for leucine at
position 2 of the zipper region; BR21M, the basic region of c-Myc was
replaced with that of MyoD. Migration of the molecular size markers are
indicated.

region, and the sequences of baboon and human Max do not
correspond to those of any previously identified protein.

Specific interaction of Max with Myc family proteins. The
presence of putative bHLH and leucine zipper domains in Max
suggests that Max interacted with a similar region of GST-MycC92
in the functional library screening. To further investigate the
potential of this region of Max to associate with Myc, we developed
an affinity chromatography assay in which the Max protein, linked
to a solid support, was used to test for binding of full-length,
wild-type Myc and a series of mutant Myc proteins.
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Flg. 3. Structure of the Max protein and its sequence similarity shared with B
other bHLH-Zip proteins. (A) Regions of sequence similarity shared with CKI _BR HLH LZ

other bHLH transcription factors. The Max bHLH-Zip region is compared
and contrasted to that of other bHLH proteins found in humans (MyoD,
El12, AP-4, USF, c-Myc, L-Myc, and N-Myc), insects (As-C), plants (Lc), ‘
and yeast (CBF-1). Shaded regions identify residues that fit the consensus as ~
derived for the known bHLH family (31) (6 =L, V,M; @ =F,L, L Y).
Boxes denote the heptad repeat of hydrophobic residues, which extends from
helix II into the putative leucine zipper. Abbreviations for the amino acid
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Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R,A:g,s Ser; T, Thr; V, Val, i}
W, Trp; and Y, Tyr. (B)SchcmancrepmtanonofMycandMaxpmwns L

as aligned by their ns of similarity (stippled boxes). Abbreviations are used to the cascin kinase IT phosphorylmon site(CKII), basxc region
(BR), helix-loop-helix (HLH), leucine zipper (LZ), and acidic region (AR). Numbering cormsponds to their respective amino acid sequences.

8 MARCH 1991 RESEARCH ARTICLES 1213




A set of deletion and point mutations (32) were introduced into
a wild-type human c-myc cDNA (pHLmyc 0/1) that contained the
complete c-Myc open reading frame (33). RNA’s prepared from the
normal and mutated clones by in vitro transcription were translated
in a rabbit reticulocyte lysate to generate c-Myc proteins labeled
with [3*S]methionine (34). A fusion protein that contained the
carboxyl-terminal 124 amino acids of Max (GST-MaxC124) (35)
was coupled to glutathione-Sepharose beads. The labeled in vitro
translation products (Fig. 4, top) were incubated with GST-
MaxC124 or GST resin, washed under low stringency conditions,
and the bound material was eluted with SDS and analyzed by SDS-
PAGE (34).

None of the c-myc translation products bound to GST alone (Fig.
4, bottom), while GST-MaxC124 resin retained the wild-type
c-Myc proteins, p64 and p67 (0/1; Fig. 4, middle). The ability of
c-Myc protein to interact with Max was dependent on an intact

carboxyl terminus, as deletion of the carboxyl-terminal 89-amino

acid residues (AC89) completely abolished binding to Max, while
deletion of 100 residues at the amino terminus (AN100) had no
effect (Fig. 4, middle). To ascertain what regions within the
carboxyl-terminal domain were required for the binding, we exam-
ined a series of mutations. Neither deletion of the Myc basic region
(ABR), its substitution with the MyoD basic region (BR21M), or
deletion of one of the CKII phosphorylation sites (CKII, just amino
terminal to the basic region) (36) had any effect on association with
Max. In contrast, binding to Max was inhibited by deletion of either
c-Myc helix I or the leucine zipper, as well as by substitution of a
helix-disrupting proline residue for the second leucine in the zipper.
These results suggest that full-length c-Myc interacts with the
carboxyl-terminal region of Max and that this association is medi-
ated by the c-Myc HLH-Zip domain.

Because N-Myc and L-Myc also have bHLH-Zip regions at their
carboxyl termini (7, 12,), we assessed their ability to bind Max.
[35S]Methionine-labeled in vitro translation products, generated

Fig. 5. Analysis of Max binding to
Myc family members (A), bHLH,
bZip, and bHLH-Zip (B) proteins.
In vitro transcription and translation
were used to produce proteins la-
beled with [**S]methionine. After in
vitro translation, programmed retic-
ulocyte lysate (RL) was subjected
directly to SDS-PAGE analysis (1
pl), or the lysate (10 pl) was purified
on GST or GST-Max Cl124 (Max)
affinity columns and the bound ma-
terial was subjected to SDS-PAGE
(34). Molecular size markers migrat-
ed as indicated on the SDS-PAGE
analysis.
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Fig. 6. Post-translational association of
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in vitro translations, c-Myc and Max Myc [ & = okl d iy
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tated with the indicated antibodies under £ ,
low stringency conditions (41). Ant- =

Myc was specific for the carboxyl-termi- gt ! » .
nal 12 amino acids of human c-Myc (27);

anti-Max was raised against the GST- 28.5—

MaxC124 fusion protein. Immunopre- P ——

cipitated [33S]methionine labeled pro- 18—

teins were resolved by SDS-PAGE.

from N-myc and L-myc cDNA’s, bound to GST-MaxC124 resin
with the same efficiency as the c-Myc protein (Fig. 5A). In vitro
translated, full-length Max protein also bound to the Max-contain-
ing resin suggesting that Max may homooligomerize. Neither the
Myc family proteins nor Max bound GST alone. To test the
possibility that any protein that contains an HLH or leucine zipper
motif might associate with Max, we obtained cDNA’s that encode
other transcription factors and determined the ability of their in
vitro translation products to bind to GST-MaxC124 resin. Catego-
ries of transcription factors examined included MyoD, E12, Tal, and
myogenin, all of which possess bBHLH domains (8, 37, 38); Fos and
Jun, each of which contain a leucine zipper (12); and AP-4 (39) and
USF (40), which contain adjacent HLH and leucine zipper regions.
Although none of these proteins bound either GST or GST-
MaxC124, specific interaction between c-Myc and GST-MaxC124
was.again observed (Fig. 5B). This assay is a rather stringent test of
association, because relatively low amounts of labeled protein
compete for binding with a large excess of Max homedimers (or
homo-oligomers). Furthermore, the reticulocyte lysate’may contain
competitors or inhibitors of binding. Therefore, the inability of
specific proteins to interact with Max in the assay may not be a
reflection of the in vivo situation.

Formation of a Myc-Max complex with sequence-specific
DNA-binding activity. Experiments in which bacterially expressed
GST-MycC92 was used to select preferred DNA sequences from a
pool of partially randomized oligonucleotides have shown that
c-Myc has specific DNA-binding activity for the sequence CACGTG
(17). Compared to other bHLH proteins used in this assay, in vitro
translated c-Myc bound relatively poorly to an oligonucleotide that
contained this sequence (CM-1). These results might be explained in
terms of inefficient homodimerization, inefficient binding of ho-
modimers to the CM-1 sequence, or both. Because Max is capable of
specifically associating with Myc, we tested the possibility that the
Myc-Max heterocomplex might exhibit increased binding to CM-1
compared to Myc alone.

For the DNA-binding assays, it was important to use full-length
Myc and Max proteins in a soluble complex. Therefore, we first
determined whether the full-length forms of both Max and c-Myc
specifically associate in solution. The p64 and p67 c-Myc proteins
and the p21 Max protein produced by in vitro translation of their
respective cDNA’s were recognized by their cognate antisera (Fig.
6) (41). Under low stringency immunoprecipitation conditions,
anti-Myc failed to recognize Max and anti-Max failed to recognize
c-Myc. However, when Max and c-Myc were combined after
translation, each antiserum precipitated Max as well as c-Myc. The
ability of a specific antiserum to precipitate the two proteins after
mixing is best explained by formation of Myc-Max complexes that
are stable under the immunoprecipitation conditions. This idea is
supported by the results of blocking experiments, which demon-
strate that coprecipitation of both proteins occurs only through the
antigenic determinants of one of them (16). The Myc mutants that
fail to bind to truncated Max in the affinity chromatography

SCIENCE, VOL. 251



experiments (Fig. 4) also did not associate with full-length in vitro
translated Max in the coimmunoprecipitation assay (16).

Having established that full-length Max and c-Myc associate in
solution, we next determined whether the Myc-Max complex could
bind a specific DNA sequence in a gel retardation assay (42).
Incubation of an unprogrammed reticulocyte translation lysate with
the 32P-labeled CM-1 oligonucleotide resulted in retardation of the
probe (Fig. 7A). This binding appeared to be due to endogenous
USF protein, which also recognizes the CM-1 sequence (43). When
the translation lysates were programmed with Max RNA, no
additional binding to the probe was detected, while lysates that
contained c¢-Myc reproducibly showed a faint band of retarded
probe (Fig. 7A). Retardation of the CM-1 probe was observed
when reticulocyte lysate that contained both c-Myc and Max were
used in the assay. That both c-Myc and Max proteins were bound to
the retarded DNA probe was demonstrated by the ability of both
anti-Myc and anti-Max to decrease the electrophoretic mobility of
the bound probe. The specificity of this antibody effect on mobility
of the probe was confirmed by the fact that it could be reversed for
each antibody by addition of the cognate immunogcn (Fig. 7A).
The specnﬁaty of binding to CM-1 was verified in competition
experiments in which a fivefold excess of unlabeled CM-1 was
sufficient to compete for binding by the Myc-Max complex. By
contrast, a 500-fold excess of an oligonucleotide (B1/B2) that
contained a binding site for MyoD and E12 (42, 44) and differed by
only three nucleotides from CM-1 was required to achieve a similar
degree of competition (Fig. 7B).

Binding of Myc to immobilized Max was dependent on the
integrity of the HLH and leucine zipper domains (Fig. 4). To
ascertain whether the association of Myc and Max in a nucleoprotein
complex required the same sequences, some of the c-Myc mutants
were examined for their ability to bind to CM-1 in a complex with
Max. Specific binding to the CM-1 probe by Max and c-Myc was

A Myc+Max c <
g ] P
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Flg 7. Analysis of Myc-Max complex DNA-binding activity. (A) The ability
of in vitro translated Myc and Max proteins to bind to the CM-1 oligonu-
cleotide (CACGTG core consensus) was assessed by electrophoretic mobility
shift assay. Post-translational mixes of Myc and Max were performed as in
Fig. 6. Lysates were incubated with 32l’-labc:led CM-1 prior to resolution in
a5 ide gel. In experiments where antibodies were added,
affinity punﬁed antibody (1 pg) was added after formation of the nucleoj
tein complex to minimize steric interference. To block the antibody c&ect.
" cognate immunogen (1 pg) was added. The positions of probe specifically
bound and further retarded by antibody are indicated with asterisks. The
arrow indicates free oligonucleotide. CM-1 oligonucleotide alone (probe)

and un| reticulocyte lysate (RL) served as background controls.
(B) The specificity of the Myc-Max shift was tested by competition with 5-,

50-, and 500-fold excess of unlabeled oligonucleotide. B1/B2 contains the 3
MCK enhancer binding site for MyoD (CACCTG core consensus) and
differs from CM-1 at only three positions. (C) Requirements for the
formation of a nucleoprotein complex. Various c-Myc mutants (see Fig. 4 for
abbreviations) were assayed for their ability to bind CM-1 in association with
Max.
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abolished when c-Myc mutants that lacked the putative leucine
zipper domain or basic region were used in place of wild-type
c-Myc. By contrast, a c-Myc deletion mutant that did not directly
affect the bHLH-Zip region (such as AN100, which lacks 100
amino-terminal residues of c-Myc), both associated with Max (Fig.
5) and bound to the CM-1 oligonucleotide. Therefore, loss of DNA
binding correlates with the inability of c-Myc mutants to associate
with Max in the binding assay. An exception to this is the basic
region deletion mutant, which associated with Max but did not bind
the CM-1 probe (Fig. 7), a result that suggests a requirement for the
basic region of c-Myc in specific DNA binding but not in protein-
protein interactions.

Implications for Myc function. Studies on the bHLH and bZip
regions within a number of eukaryotic transcription factors have
distinguished two essential yet separable functions for these do-
mains: dimerization (HLH, Zip) and DNA-binding activity (basic
region) (9, 10). Here we show that the bHLH-Zip domain of c-Myc
is capable of specific interaction with a newly identified bHLH-Zip
protein, Max. Our in vitro experiments are consonant with studies
on the structure and properties of Myc (1) and may serve as a basis
for understanding the mechanism of Myc function in vivo. Using
anti-Myc, we have identified the Max protein in immunocomplexes
from avian and human cells, a further indication that the Myc-Max
association is likely to be biologically relevant (16).

Two regions within the c-Myc protein appear to be critical for
c-Myc function as judged by assays for cotransformation, inhibition
of differentiation, and suppression of endogenous Myc expression;
these are (i) an approximately 40— to 60-amino acid segment
centered about residue 120 and (ii) the 95-amino acid carboxyl-
terminal region (3-5). Our results suggest that the carboxyl termi-
nus mediates association with Max and formation of a sequence-
specific DNA-binding complex. The mutations that negatively
affected the ability of c-Myc to interact with Max and bind CM-1
(Fig. 4 and 7), such as deletion or disruption of the zipper, are either
identical or very similar to those that abolish c-Myc activity in
biological assays (3-5).

The dimerization function that resides within the c-Myc HLH-
Zip domain appears to be independent of the basic region, which is
likely to directly mediate DNA binding. The same c-Myc basic
region deletion mutant that had no effect on association with Max
completely abolished the ability of the Myc-Max complex to bind
the CM-1 DNA probe (Fig. 7C). This basic region deletion
mutation also abolished the ability of c-Myc to transform Rat 1 cells
in collaboration with ber-abl, while deletion of the adjacent upstream
segment had no effect (16). Replacement of the c-Myc basic region
with that of MyoD was likewise biologically inactive although, as

the chimeric protein was capable of association with Max
(Fig. 4). Taken together, these results demonstrate that both the
dimerization and DNA-binding activities that reside in the carboxyl-
terminal bHLH-Zip domain are essential for important aspects of
c-Myc activity.

A striking finding of our study is that Max interacts specifically
with three members of the Myc family of proteins. Numerous
attempts to demonstrate heterodimer formation between Myc and
other bHLH, bZip, and bHLH-Zip proteins have not been suc-
cessful (10, 15, 16). However, under our assay conditions Max is
capable of associating with c-Myc, N-Myc, and L-Myc (Fig. 5A).
Other proteins that contain related dimerization domains, including
the bHLH-Zip proteins USF and AP-4, did not associate (Fig. 5B).
Leucine zipper segments alone determine specnﬁcuy in Fos-Jun
association (45) and act to organize the two proteins in a parallel
array (13). Max and the Myc proteins, however, all have HLH
domains in addition to zipper regions, and our data show that the
integrity of the HLH region is also important for heterodimer
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formation (Fig. 4). If an initial interaction between parallel zipper
regions is required for proper orientation, then the appropriate
alignment of contiguous HLH regions might influence binding. In
Max and the Myc family, the hydrophobic residues of the putative
leucine zipper appear to maintain their heptad spacing well into
helix II, possibly extending the coiled-coil interaction. By contrast,
in USF (40) the heptad phasing is disrupted at the helix II-zipper
boundary, and in AP-4 (39) the hydrophobic array does not extend
as far into helix II (Fig. 3A). While it remains to be determined
whether these differences are important for the apparent restricted
specificities of binding, other factors are likely to influence associa-
tion, including the size and composition of the loop region (11), the
nature of specific residues within the helical segments (46), and the
presence of other domains in the protein that may facilitate or block
interaction. Although we have assumed that Myc and Max interact
to form dimers, it is possible that they may also participate in higher
order associations.

The fact that N-Myc and L-Myc as well as c-Myc specifically
associate with Max suggests that Max may serve to integrate the
functions of these three proteins that are differentially expressed
during development, differentiation, and neoplasia (1). If so, Max
might be expected to be expressed in at least as many cell types as are
Myc family proteins. Initial experiments with Northern (RNA)
blotting indicate that a 2.1-kb Max RNA is expressed in many cells
and tissues at concentrations comparable to those of c-Myc. In
addition, low stringency Southern (DNA) blot analysis suggests
that Max is highly conserved as a single gene or a small family of
genes in vertebrate genomic DNA, but is absent from invertebrates
that also lack Myc homologs (16). These results are consistent with
the possibility that Max, or a small number of Max-related proteins,
interacts with Myc family proteins to mediate their specific biolog-
ical functions. Whether Max can also be oncogenically activated
poses an interesting biological question.

Important questions raised by this work concern the way in which
the properties of Myc and Max are altered through association. Our
experiments demonstrate that complex formation generates se-
quence-specific DNA-binding activity for the CM-1 oligonucleotide
under conditions where neither Myc nor Max alone bound signifi-
cant amounts of probe (Fig. 7). This oligonucleotide contains the
CACGTG consensus, which serves as a binding site for presumptive
Myc homodimers (17, 19). That this is a weak binding site may be
reflected by the low but detectable binding by in vitro translated
Myec. No binding by Max alone could be detected, indicating that
either Max does not recognize CM-1 or that it does not homodimer-
ize under the conditions of the assay. A key point becomes whether
the Myc-Max heterocomplex has a specificity for DNA binding that
is distinct from that of either of the homodimers. By analogy with
MyoD and the E2A proteins, each member of a Myc-Max complex
might contribute half-site recognition in defining DNA-binding
specificity (21). The Myc-Max complex can be used directly to select
a putative new binding sequence with the method for preferential
binding and amplification of random sequences (21).

Another major question concerns the function of the Myc-Max
complex. It has been suggested that Myc may function in transcrip-
tion, DNA replication, or both (7). The characteristics of the
Myc-Max complex places these proteins in the same general class as
bHLH transcription factors, but the results do not rule out other
possible functions. The essential amino-terminal region of c-Myc has
been shown to act as a transcriptional activation domain when
linked to yeast or prokaryotic DNA-binding domains (47). How-
ever, introduction of c-myc alone into cells only induces variable,
usually low, activation of different promoters (48). While the
HLH-Zip region constitutes the very carboxyl terminus of all the
Myc family members, the HLH-Zip region of Max is nearly 50
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residues from its carboxyl terminus (Fig. 3B). This region, which
probably extends past the dimerized regions of Myc and Max,
contains additional acidic and basic patches (Fig. 2) that could
interact with components of the transcriptional machinery or other
factors (49). Whatever their function, the ability of these polypep-
tides to form multiprotein complexes suggests that the differential
regulation of their relative concentrations could be an important
determinant of Max-Myc family associations, consequent DNA-
binding specificities, and ultimately, the influence of Myc on cell
proliferation and behavior.
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