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The product of the c-myc proto-oncogene is a DNA-binding protein, the deregulated expression of which is 
associated with a variety of malignant neoplasms. The cDNA for the max gene was recently cloned as a result 
of the ability of its protein product to interact with the c-Myc protein. We studied bacterially produced Max, 
c-Myc, and a series of truncated c-Myc proteins. Full-length c-Myc alone cannot bind DNA. However, a 
truncated c-Myc protein comprising the basic, helix-loop-helix, and leucine zipper regions can bind 
specifically to DNA bearing the sequence GGGCAC(G/A)TGCCC. Max protein, either alone or in a 
heteromeric complex with full-length c-Myc, binds to the same core sequence. Using a novel combination of 
chemical and photo-cross-linking analysis, we demonstrate that either Max or a c-Myc/Max heteromeric 
complex binds to DNA virtually exclusively in a dimeric structure. Using fusion proteins in cultured cells, we 
establish a number of functional characteristics of Max. First, we show that Max can interact with c-Myc 
intracellularly in a manner dependent on the integrity of the helix-loop-helix and leucine zipper motifs. 
Second, a nuclear localization domain that contains the sequence PQSRKKLR is mapped to the 
carboxy-terminal region of Max. Third, Max lacks a transcriptional activation domain that is functional in 
Chinese hamster ovary cells when fused to a heterologous DNA-binding domain. These data suggest that Max 
may serve as a cofactor for c-Myc in transcriptional activation or, by itself, as a transcriptional repressor. 
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The product of the c-myc proto-oncogene is a short-lived 
nuclear phosphoprotein that participates in oncogenesis 
in a wide variety of experimentally induced and natu-
rally occurring tumors. By homology to a growing family 
of proteins bearing the helix-loop-helix (HLH) motif, it 
has been speculated that the c-Myc protein participates 
in the transcriptional regulation of specific genes 
(Liischer and Eisenman 1990). A number of activities 
have been identified and functionally mapped to various 
regions of the c-Myc protein, including domains capable 
of transcriptional activation (Kato et al. 1990), nonspe-
cific DNA binding (Dang et al. 1989a), nuclear localiza-
tion (Dang and Lee 1988), specific DNA binding (Black-
well et al. 1990; Prendergast and Ziff 1991), and oligo-
merization (Dang et al. 1989b). 

The existence of oligomerization motifs in the c-Myc 
protein, the HLH and the leucine zipper (ZIP), suggests 
that c-Myc functions either as a homo-oligomer or a het-
ero-oligomer. Oligomerization of c-Myc appears to be 
necessary for its function because inactive mutants of 
c-Myc with intact oligomerization domains behave as 
dominant-negative mutants in cell transformation as-
says, presumably through oligomerization either with 

^Corresponding authors. 

wild-type c-Myc or with a c-Myc heteromeric partner 
protein (Dang et al. 1989b). In contrast, c-Myc mutants 
with deletions in either the ZIP or HLH domains are 
recessive-negative mutants. Although purified c-Myc 
protein produced in bacteria homo-oligomerizes in vitro 
(Dang et al. 1989b), this homo-oligomerization is likely 
to be nonphysiological. In additional studies, an assay 
that can detect protein-protein interactions in cells 
failed to detect Myc—Myc interaction through its oligo-
merization domain (Dang et al. 1991). These observa-
tions suggest that c-Myc hetero-oligomerization to an-
other protein is required for its function. 

By functional cloning, Blackwood and Eisenman 
(1991) recently identified cDNAs that encode two forms 
of Max, a protein that binds to c-Myc via the HLH-ZlP 
domain. The two alternatively spliced max mRNAs en-
code 151- and 160-amino-acid polypeptides that contain 
a basic HLH-ZlP (bHLH-ZIP) domain. Either form of 
Max protein can oligomerize with c-Myc in vitro to bind 
a specific DNA sequence bearing the core CACGTG. In 
contrast to the in vitro-translated human Max, which 
alone cannot bind DNA (Blackwood and Eisenman 
1991), the murine Max homolog appears to homo-oligo-
merize in vitro and bind to the same DNA sequence 
bound by c-Myc fusion proteins (Prendergast et a. 1991). 

GENES & DEVELOPMENT 6:81-92 © 1992 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/92 $3.00 81 

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Kato et al. 

It was reported in these studies that full-length c-Myc 
alone, which was prepared by in vitro translation in rab-
bit reticulocyte lysates, also binds DNA specifically. 
These reports share the unexpected finding that the elec-
trophoretic mobilities of DNA-protein complexes in na-
tive gels are identical for Myc alone and Myc/Max het-
ero-oligomers. It is not known, however, whether the 
reticulocyte lysates used in these experiments contained 
Max-like proteins that may have contributed to the 
c-Myc DNA-binding activity in the electrophoretic mo-
bility gel-shift assays. To avoid contamination from 
mammalian Max-like activity, we have purified bacteri-
ally produced Myc and Max proteins to study their 
DNA-binding properties. 

A model has been proposed in which the activity of 
c-Myc/Max hetero-oligomers is opposed by Max homo-
oligomers (Cole 1991). According to this model, expres-
sion of Max is constitutive, whereas c-Myc expression is 
induced transiently by growth stimulus. The coexpres-
sion of c-Myc and Max allows formation of a c-Myc/Max 
hetero-oligomer that binds to specific DNA elements 
and activates transcription through the transcriptional 
activation domain contributed by c-Myc. Because Max 
remains present in quiescient cells with low-level ex-
pression of c-Myc, Max may function, as a homo-oligo-
mer or with another unknown partner, to repress the 
same genes that are activated by c-Myc/Max heteromers. 
This model involves several premises that have not been 
established clearly in the literature. Specifically, the 
model supposes that c-Myc protein alone does not bind 
specifically to DNA; that Max does not alter the DNA-
binding specificity of c-Myc; that Max is able to localize 
to the nucleus in the absence of c-Myc; that Max lacks 
its own transcriptional activation domain; and, finally, 
that c-Myc and Max interact intracellularly. Through an 
approach utilizing Max fusion proteins expressed in bac-
terial and mammalian cells, we have sought to explore 
these molecular characteristics of the Max protein to 
evaluate this model. 

In this report we present in vitro and intracellular 
analyses of Myc—Max interaction, as well as mapping of 
functional domains of the Max protein. We identify a 
region of c-Myc that prevents specific DNA binding by 
bacterially produced c-Myc alone. We demonstrate the 
DNA-binding specificity of recombinant truncated 
c-Myc, as well as Max, and the heteromeric complex of 
c-Myc and Max. We show that DNA binding by these 
proteins occurs virtually exclusively in dimeric com-
plexes. We show that Max lacks a transcriptional acti-
vation domain, possesses a nuclear localization signal, 
and has the ability to interact with c-Myc intracellularly. 

Results 

Deletion of a c-Myc amino-terminal region allows 
specific DNA binding by c-Myc alone 

Using an Escherichia coli expression system, we pro-
duced a series of c-Myc proteins with progressively larger 
amino-terminal deletions. A polyhistidine tract fused to 
these Myc proteins permits single-step affinity purifica-

tion by chromatography on a nickel-chelate column 
(Abate et al. 1990). Binding of these proteins to the DNA 
sequence GGGCACGTGCCC, a palindromic version of 
the c-Myc-binding site (Blackwell et al. 1990; Prender-
gast and Ziff 1991), was assayed by electrophoretic mo-
bility-shift assay (EMSA) (Fig. lA). Full-length Myc, as 
well as a truncated Myc lacking the amino-terminal 262 
amino acids, could not bind to DNA (data not shown). 
However, deletion of the amino-terminal 317 amino ac-
ids (c-Myc 318-439) allowed weak specific DNA binding 
by c-Myc alone (Fig. I A). Deletion of the amino-terminal 
341 (c-Myc 342-439) or 349 amino acids (c-Myc 350-439) 
resulted in more potent DNA binding (Fig. I A). Removal 
of the amino-terminal 366 amino acids (c-Myc 367-439), 
which include the basic region of c-Myc, resulted in a 
mutant protein that failed to bind to DNA (Fig. IB). 
c-Myc 342-439 and c-Myc 350-439 bound DNA specif-
ically, because nonradiolabeled GGGCACGTGCCC oli-
godeoxynucleotide, but not the oligo GGCCGC-
CCAAACTCAT, inhibited DNA binding competitively 
(Fig. IB). Three independent monoclonal antibodies 
against the c-Myc zipper domain supershifted these spe-
cific protein-DNA complexes, indicating that c-Myc is 
present in the complexes. The antibody preparations 
failed to bind DNA in the absence of c-Myc proteins, and 
a negative control antibody failed to supershift the 
DNA-protein complexes (Fig. IC). We conclude that pu-
rified, bacterially produced c-Myc protein cannot bind 
DNA specifically unless the amino-terminal four-fifths 
of the protein, but not the basic region, is deleted. 

Sequence-specific DNA binding by purified 
recombinant Max protein alone and with c-Myc 

We expressed in E. coli a recombinant protein in which 
the Max amino acids 8-151 were fused to the polyhisti-
dine tract as described above (Fig. 2A). The purified Max 
protein bound readily to the DNA sequence GAC-
CACGTGGTC (Fig. 2B), a previously described c-Myc 
DNA-binding sequence (Halazonetis and Kandil 1991). 
Full-length bacterially produced c-Myc protein was par-
tially purified by conventional column chromatography 
as described (Watt et al. 1985). The full-length c-Myc 
protein alone could not bind specifically to DNA alone, 
even at relatively high concentration (5 JJLM). However, 
when full-length c-Myc and Max proteins were mixed 
and allowed to interact, they became capable of forming 
a new complex with DNA with a mobility slower than 
that of Max alone (Fig. 2B). We conclude that purified 
Max protein alone, but not c-Myc protein alone, is able 
to bind to the sequence GACCACGTGGTC. In addition, 
the mixture of full-length c-Myc plus Max forms a pro-
tein-DNA complex of greater apparent molecular mass 
than that of Max alone. Immunoblots of the EMSA gels 
with anti-Max antiserum (a gift of E. Blackwood and R. 
Eisenman) confirm the presence of Max in the apparent 
c-Myc/Max complex (data not shown). 

Max and c-Myc/Max complex bind to DNA 
in a dimeric protein structure 

It has been hypothesized that HLH proteins bind to DNA 
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Figure 1. Amino-terminal tnincation of the c-Myc protein allows specific DNA binding. [A] Schematic depiction of truncated c-Myc 
proteins tested for the ability to bind specifically to the sequence GGGCACGTGCCC, with presence (+) or absence (-) of DNA-
binding ability indicated. (Inset) EMSA analysis of c-Myc(318-439) {left lane) and c-Myc(350-439) (right lane) using the same labeled 
oUgodeoxynucleotide. [B] Competition analysis by specific and nonspecific oligodeoxynucleotide. EMSA using radiolabeled 
GGGCACGTGCCC and no added protein (lane 1], c-Myc amino acids 342-439 (lanes 2-6), c-Myc amino acids 350-439 (lanes 7-11], 
and c-Myc amino acids 367-439 (lane 12) are shown. Nonradiolabeled oligodeoxynucleotides were added: GGGCACGTGCCC 2 l̂,g 
(lanes 3,8), 0.5 |xg (lanes 4,9), or nonspecific oligodeoxynucleotide, 2 ixg (lanes 5,10), 0.5 |xg (lanes 6,11). (C) Supershift by anti-c-Myc 
antibodies. Mobility-shift analysis using GGGCACGTGCCC probe and no added c-Myc protein (lanes 1,3,6,9,12), c-Myc 341-439 
protein (lanes 2,4,5,7,8,10,11,13,14) with added monoclonal antibodies against the c-Myc ZIP region 1-9E10 antibody (lanes 3-5), CT9 
antibody (lanes 6-8], CT14 antibody (lanes 9-11], and A2A9 antibody against glycoprotein IIB/IIIA (lanes 12-14). 

as homo- or heterodimers or tetramers, although physi-
cochemical evidence supporting this hypothesis has 
been lacking. To investigate the DNA-bound oUgomeric 
structures of Max and of Myc/Max complexes, we devel-
oped a novel strategy that we term the double-cross as-
say, hi this assay, specific complexes of Max protein and 
the radiolabeled oligodeoxynucleotide GACCACGTG-
GTC were formed in the presence of excess unlabeled 
nonspecific DNA under conditions that yielded specific 
Max-DNA complexes by EMSA. The DNA was photo-
cross-linked to Max protein by UV irradiation. Max pro-
tein was then chemically cross-linked in the presence of 

increasing concentrations of glutaraldehyde. The com-
plexes subsequently were denatured under reducing con-
ditions, resolved by SDS-PAGE, and detected by autora-
diography (Fig. 2C). Max protein photo-cross-linked to 
DNA shows an apparent molecular mass of 22 kD, iden-
tical to that of purified Max. This mobility is altered to 
44 kD in the presence of glutaraldehyde induced pro-
tein-protein cross-linking, demonstrating that the pre-
dominant form of DNA-bound Max protein is a ho-
modimer. 

The double-cross assay was performed on complexes 
of the same DNA probe with Max protein plus excess 
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Figure 2. Specific DNA binding by the c-Myc/Max heteromeric complex. {A] SDS-PAGE analysis of purified Max protein {left lane), 
stained with Coomassie blue. Molecular mass markers are indicated in the right lane. [B] Full-length c-Myc plus Max binds to DNA. 
EMSA using GACCACGTGGTC probe with varying amounts of bacterially produced c-Myc protein added to a fixed amount of Max 
protein. (Lanes 1,2] c-Myc 3 |jLg; (lane 3] 0.5 |xg; (lane 4) 0.2 |xg; (lanes 2-5] Max 0.05 jig. (C) Max and Myc/Max proteins bind to DNA 
as dimers. SDS-PAGE of Max protein [left] or c-Myc/Max protein [right] photo-cross-linked to GACCACGTGGTC probe with varying 
amounts of added glutaraldehyde: (Lane 1] 0%, (lane 2) 0.01%, (lane 3] 0.05%, (lane 4] 0.25% glutaraldehyde. Positions of molecular 
mass markers are indicated at right. 

purified full-length c-Myc protein. This Myc/Max mix-
ture photo-cross-linked to DNA yielded two bands of 
similar intensity: one v^ith apparent molecular mass of 
22 kD, consistent with the expected mobility of Max; 
and one with apparent molecular mass of 65 kD, consis-
tent with the mobility of c-Myc (Fig. 2C). Additional 
cross-linking with glutaraldehyde yielded a new 87-kD 
band, suggestive of a summation of the molecular mass 
of Max cross-linked to c-Myc. We conclude that, in a 
heterodimeric complex, c-Myc and Max bind directly 
and specifically to the palindromic DNA sequence GAC-
CACGTGGTC. 

Sequence-specific DNA binding by truncated c-Myc, 

Max, or c-Myc/Max complexes 

Truncated c-Myc protein presumably binds to the palin-
dromic site CACGTG as a symmetrical homodimer, 
suggesting that each protein monomer might contact the 
half-site CAC. Although Max was also capable of bind-
ing to CACGTG, we hypothesized that a heteromeric 
complex of Max and c-Myc protein might prefer a differ-
ent half-site that included the CA consensus for bHLH 
proteins. Therefore, we obtained synthetic oligodeoxy-
nucleotides, each of which included two tandem repeats 
of the core sequences CACATG, CACGTG, CACGTG, 
or CACTTG. An oligodeoxynucleotide bearing two tan-
dem repeats of the core sequence CAGCTG was used as 
a negative control. The DNA-binding preferences of 
truncated c-Myc, Max, and c-Myc/Max among these core 
sequence variants were determined by EMSA (Fig. 3). 
Truncated c-Myc protein bound specifically to 
CACGTG and CACATG. Max protein bound specifi-
cally to the same sequences, and bound very weakly to 
CACCTG and CACTTG. The c-Myc/Max complex also 

preferred CACGTG and CACATG. Binding to the 
CACGTG tandem repeat compared with a monomeric 
CACGTG site did not suggest a cooperative binding ef-
fect (data not shown), although this was not studied in 
detail and thus a cooperative effect cannot be ruled out. 
We conclude that Max, c-Myc, and the c-Myc/Max het-
erodimer share similar DNA core hexanucleotide-bind-
ing specificity. 

A nuclear localization signal in the carboxy-terminal 

region of Max 

The carboxy-terminal region of Max includes a basic re-

truncated c-Myc 
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Max c-Myc + Max 
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Figure 3. Effect of variation at the N position of the CACNTG-
binding site on binding by c-Myc, Max, and c-Myc/Max. [Left] 
Truncated c-Myc protein; (center] Max protein; [right] c-Myc/ 
Max protein. (Lane 1] CACATG core sequence; (lane 2] 
CACCTG; (lane 3) CACGTG; (lane 4] CACTTG; (lane 5) 
CAGCTG. 
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gion homologous to a number of nuclear localization sig-
nals (NLS) (Table 1) (for review, see Garcia-Bustos et al. 
1991). We constructed chimeric genes that produce dif-
ferent regions of Max fused to chicken muscle pyruvate 
kinase (PK), a protein marker that normally is localized 
exclusively to the cytoplasm. The chimeric genes were 
transfected into COS-1 cells, and the intracellular loca-
tion of the PK marker was detected by indirect immu-
nofluorescence using anti-PK antiserum. Fusion of Max 
amino acids 1-126 to PK failed to alter the cytoplasmic 
distribution of PK (Fig. 4). However, fusion of Max amino 
acids 126—151, which includes the putative NLS, di-
rected complete nuclear localization of the PK marker. 
We conclude that the carboxy-terminal 23 amino acids 
of Max direct its nuclear localization; and by homology 
to known nuclear localization signals, this is most likely 
mediated by the peptide sequence PQSRKKLR. 

GAL4—Max fusion proteins fail to activate 

transcription in Chinese hamster ovary cells 

We constructed fusion genes that produce chimeric pro-
teins of the DNA-binding domain (DBD) of the yeast 
transcriptional activator GAL4 linked to various regions 
of Max. Nearly full-length Max (amino acids 8—151), 
Max bHLH-ZlP domain (amino acids 8-103), and the 
carboxy-terminal region of Max (codons 102-151) were 
each separately linked to the GAL4 DBD (Fig. 5A). These 
constructs were transfected into Chinese hamster ovary 
(CHO) cells and assayed for their ability to trans-activate 
a cotransfected reporter plasmid, G5ElbCAT, bearing 
five GAL4-binding sites and a minimal TATA box linked 
to a chloramphenicol acetyltransferase (CAT) gene. 
None of the Max fusion proteins was able to trans-acti-
vate the CAT gene above the background level of the 
unfused GAL4 DBD. A positive control construct of the 

Table 1. Homology of the putative Max nuclear localization 
signal to the known NLS of other proteins 
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Figure 4. Nuclear localization signal of Max. [Left] Schematic 
depiction of PK fusion constructs used for each transfection. 
{Right) Fluorescent photomicrographs of COS-1 cells trans-
fected with the indicated PK construct, and stained with rabbit 
anti-PK antiserum, followed by goat anti-rabbit antibody con-
jugated to rhodamine. [Top] Wild-type PK; [center] amino acids 
1-126 of Max fused to PK; [bottom] PK fused to amino acids 
126-151 of Max. 

GAL4 DBD linked to the c-Myc transcriptional activa-
tion domain (TAD) stimulated CAT activity 145-fold 
over background (Fig. 5A). The Max fusion proteins were 
expressed at levels comparable to the GAL4—c-Myc fu-
sion, as demonstrated by anti-GAL4 immunoprecipita-
tion of transiently transfected CHO cells metabolically 
labeled with [^^S]methionine (Fig. 5B). This demon-
strates that failure of the GAL4-Max fusions to trans-

activate is not the result of an absence of fusion protein 
expression. We conclude that in the context of a heter-
ologous DBD, Max lacks a transcriptional activation do-
main that is active in CHO cells. 

Max associates with c-Myc intracellularly 

To determine the ability of the bHLH-ZIP domains of 
c-Myc and Max to interact in vivo, we used a previously 
described assay that detects intracellular protein-protein 
interactions (Fields and Song 1989; Dang et al. 1991). In 
this assay a functional transcriptional activator is recon-
stituted when compatible oligomerization domains link 
a chimeric protein bearing a DBD to another chimeric 
protein bearing a TAD. We constructed fusion genes that 
produce chimeric proteins with the bHLH-ZIP regions 
of c-Myc or Max fused to either the GAL4 DBD (DMyc 
and DMax) or to the TAD of the herpes simplex virus 
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Figure 5. Lack of a transcriptional activation domain in Max. (A) Trans-activation studies. [Left] Schematic depiction of the DBD of 
GAL4 alone unfused or fused to Max codons 8-151, 8-103, 102-151, or c-Myc codons 1-262. [BAght] Bar graph representing the relative 
CAT activity stimulated by each of the indicated GAL4 fusion genes when cotransfected with GSElbCAT reporter plasmid into CHO 
cells. (B) Immunoprecipitation of GAL4 fusion proteins. Autoradiograph of SDS-PAGE fractionation of proteins immunoprecipitated 
by anti-GAL4 antiserum following transient transfection of CHO cells and metabolic labeling with [^^S]methionine. (Lane 1] GMax-
full; (lane 2) GMax-bHZ; (lane 3) GMax-CT; (lane 4) GM( 1-262). Positions of molecular mass markers (indicated in kD) are shown 
at light. 

transcriptional activator VP16 (AMyc and AMax) (Fig. 
6A). We transfected these plasmid constructs either 
alone or in various combinations into CHO cells along 
with the GSElbCAT reporter plasmid. None of these 
fusions alone was able to trans-activate the CAT re-
porter gene (Fig. 6B). However, the bHLH-ZIP regions of 
c-Myc and Max interacted with each other to produce 
protein complexes that strongly trans-activated CAT; 
cotransfection of DMax and AMyc stimulated CAT ac-
tivity 15-fold over background, and DMyc + AMax ac-
tivated 9-fold over background (Fig. 6B). Deletion of the 
c-Myc HLH (AMycDH) or leucine zipper (AMycDZ) 

eliminated the ability to interact with DMax. Evidence 
of intracellular DMax-AMax association was equivocal, 
despite the fact that the DMax and AMax proteins each 
clearly were able to interact with the c-Myc fusions. We 
conclude that c-Myc and Max associate intracellularly. 

Discussion 

Our findings indicate that Max protein produced in £. 
coli binds DNA specifically and avidly. Previous studies 
have demonstrated that in vitro-translated human Max 

•.:.VP16TAD , Myc i 
'Myc (1-6) 

40 60 

Normalized CAT Activity 

Figure 6. Intracellular interaction of c-Myc and Max. [A] Schematic depiction of constructs used, including fusions of the GAL4 DBD 
and of the VP16 TAD to Max codons 8-103 or c-Myc codons 262-439. AMax also includes GAL4 codons 1-11 and codons specifying 
the NLS of SV40 large T antigen. AMycDH bears a deletion of the HLH domain; AMycDZ bears a deletion of the leucine zipper 
domain. (B) Bar graph representing normalized relative CAT activity stimulated by each construct alone and in combinations when 
cotransfected with G5ElbCAT reporter plasmid into CHO cells. Error bars represent the standard deviation derived from two to six 
assays of each construct or combination of constructs. 
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does not bind DNA alone specifically (Blackwood and 
Eisenman 1991). In the case of Myn, the murine Max 
homology in vitro-translated protein binds to DNA 
weakly, and binding is greatly enhanced by deletion of 
the carboxy-terminal region, which includes consensus 
phosphorylation sites for casein kinase II. It is likely that 
post-translational phosphorylation by factors in the re-
ticulocyte lysate inhibits DNA binding by Max or Myn, 
as suggested previously (Prendergast et al. 1991). This 
raises the important possibility that in vivo phosphory-
lation of amino acid residues in the carboxy-terminal 
region of Max may exert a regulatory control over Max 
DNA binding. It appears that phosphorylation at the 
amino-terminal region may exert such a control (S. Ber-
berich and M. Cole, pers. comm.). It is formally possible 
that our recombinant Max, in which the amino-terminal 
7 amino acids are missing, may lack some domain in-
hibitory in vitro to dimerization or DNA binding, al-
though this seems less likely. 

Studies by others have demonstrated a peculiar pattern 
of specific DNA binding by c-Myc protein produced in 
vitro in rabbit reticulocyte lysate. Specifically, the 
EMSA mobility of the Myc-DNA complex was identical 
to that of the Myc/Max-DNA complex (Blackwood and 
Eisenman 1991; Prendergast et al. 1991). Others hypoth-
esized that this property of Myc DNA binding is attrib-
utable to a unique physical property of the c-Myc poly-
peptide. However, one cannot exclude the possibility 
that the lysate might contain other Max-like factors that 
cooperate with c-Myc to bind DNA. In contrast, our 
data, obtained using recombinant c-Myc protein pro-
duced in E. coli, demonstrate that unmodified c-Myc 
protein is unable to bind to DNA in a sequence-specific 
fashion in the absence of another protein. Furthermore, 
our data indicate that a region in the amino-terminal 
four-fifths of c-Myc inhibits in vitro DNA binding by 
c-Myc alone but not by heterodimers of c-Myc and Max. 
We speculate that for the homodimeric c-Myc configu-
ration, this region might sterically hinder either DNA 
contact or homodimerization, which is a prerequisite for 
specific DNA binding by HLH proteins. Comparable 
findings have been reported for the v-Myc protein, in 
which amino-terminal truncation unmasks DNA-bind-
ing function and specifically the ability to bind the core 
sequence CACGTG (Kerhoff et al. 1991). A functionally 
similar region has been identified in the bHLH protein 
El2, in which an acidic region amino-terminal to the 
basic region inhibits DNA binding (Sun and Baltimore 
1991). The possibility remains that the deleted forms of 
all of these Myc proteins might simply have artifactually 
altered characteristics, because an amino-terminal trun-
cated murine c-Myc protein binds DNA less well than 
full length (M. Cole, pers. comm.). In addition, the pro-
cesses of bacterial expression and purification of the Myc 
proteins could conceivably cause loss of specific activity 
as a result of altered solubility, protein folding, or lack of 
post-translational modification. However, biological ac-
tivity of our recombinant c-Myc protein preparation is 
demonstrated by its ability to bind DNA effectively as a 
heteromeric complex with Max. The specific activity of 

the full-length c-Myc preparation appears to be lower 
than that of the Max preparation; a 20-fold molar excess 
of Myc protein absorbs Max incompletely into active 
c-Myc/Max heterodimers (Fig. 2B). 

The association of c-Myc with Max does not apprecia-
bly affect the recognition of the DNA core hexanucle-
otide CAC(G/A)TG as compared with either Max or 
truncated c-Myc alone, although Max can tolerate, to a 
small extent, more sequence variation at the N position 
of CACNTG. Our data corroborate previous evidence 
that the c-Myc/Max heterodimer binds to CACGTG 
(Blackwood and Eisenman 1991; Prendergast et al. 1991) 
and adds the new finding that the heterodimer addition-
ally can bind CACATG, but not CACGTG nor 
CACTTG, when in a similar context of sequence flank-
ing the core recognition hexanucleotide. None of these 
studies addresses the question whether Max might sub-
tly influence DNA sequence preference at positions 
flanking the CAC(G/A)TG core hexanucleotide se-
quence. The importance of such flanking residues to se-
quence-specific binding by truncated c-Myc has been 
demonstrated (Halazonetis and Kandil 1991). Identifica-
tion of an optimal binding site including these flanking 
residues remains to be performed systematically for 
truncated c-Myc, Max, and c-Myc/Max heterodimer. 

Max and c-Myc are examples of the bHLH-ZIP pro-
teins. The interaction of c-Myc with Max is dependent 
on the integrity of both HLH and ZIP (Blackwood and 
Eisenman 1991). The HLH domain lies adjacent to a re-
gion rich in basic residues that appears to contact DNA 
directly and contributes to the specificity of DNA se-
quence recognition (Murre et al. 1989). A number of 
studies have indicated that oligomerization is a prereq-
uisite for DNA binding by bHLH proteins (Murre et al. 
1989; Voronova and Baltimore 1990). However, previ-
ously published data have not documented the stoichi-
ometry of this interaction with respect to DNA binding. 
In particular, because bHLH-ZIP proteins have two po-
tential oligomerization motifs, the possibility exists that 
they may bind DNA in higher order oligomers such as 
tetramers, although this was not seen for cross-linking 
studies in solution without DNA for bHLH-ZIP proteins 
TFE3 (Beckmann and Kadesch 1991) and AP4 (Hu et al. 
1990). Data derived from simple UV photo-cross-linking 
of DNA-protein complexes may be misleading in some 
cases; such data led to the initial impression that the 
bHLH-ZIP protein USE could bind to DNA as a mono-
mer (Sawadogo 1988). Only molecular cloning of USE 
and analysis of truncation mutants led to the conclusion 
that upstream stimulatory factor (USE) binds DNA in 
dimers or higher order oligomers (Gregor et al. 1990). 

In this report we describe a novel technique, the dou-
ble-cross assay, that provides direct physicochemical ev-
idence for the oligomerization state of DNA-bound pro-
tein. After photo-cross-linking of the proteins to a radi-
olabeled oligodeoxynucleotide probe, protein gel 
electrophoresis under denaturing conditions establishes 
the apparent molecular mass of the proteins, which di-
rectly contact the DNA probe. Glutaraldehyde cross-link-
ing of protein—protein interactions in the second step 
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allows identification of a new species whose apparent 
molecular mass is a summation of the apparent molec-
ular masses of each of the components of the DNA-
protein complex. For Max, the primary photo-cross-link-
ing step resulted in Max bands of 22 kD. The secondary 
protein-protein cross-linking step then produced a 44-
kD band, equivalent to two cross-linked molecules of 
Max, demonstrating that Max binds to DNA as a dimer. 
This demonstrates that Max binds to a single palindro-
mic DNA site predominantly as a homodimer and not as 
monomers, tetramers, or higher order oligomers. 

Similarly, the first cross-linking step for c-Myc-Max 
complex yielded bands of 65 and 22 kD, consistent with 
c-Myc and Max, respectively. The second step yielded an 
87-kD band, consistent with the summation of one mol-
ecule each of c-Myc and Max in a DNA-bound protein 
complex. Thus, c-Myc/Max binds DNA predominantly 
as a heterodimer and not as higher order oligomers, al-
though minor bands of slower mobility are notable. It is 
not clear whether the faint slower mobility band may 
represent a higher order complex. At increased concen-
trations of glutaraldehyde, all samples form high-molec-
ular-mass aggregates of questionable significance (data 
not shown). It is appropriate to caution that we have not 
demonstrated conclusively that the double-cross assay 
in general can detect bona fide DNA-bound tetramers. 

Our data from the double-cross assay provide physico-
chemical evidence that a dimeric structure is the pre-
dominant form involved in DNA binding for the Max 
homodimer and the c-Myc/Max heterodimer, and that 
each subunit of the dimer contacts DNA directly. Ex-
trapolation from these findings suggests that in general, 
bHLH and bHLH-ZIP proteins bind to DNA virtually 
exclusively in a dimeric structure. The double-cross as-
say may be of broad utility to establish the DNA-bound 
oligomer status for other DNA-binding proteins. 

The c-Myc protein possesses a domain that is capable 
of activating transcription of a reporter gene when bound 
to DNA by a heterologous DNA-binding domain. This 
domain maps to a region of the protein that is required 
for the transforming ability of c-Myc (Kato et al. 1990). 
Thus, Max need not have a similar TAD for the c-Myc/ 
Max heterodimer to function as a transcriptional activa-
tor. Our data suggest that Max does not have a functional 
TAD, despite the presence of a small acidic region near 
its carboxyl terminus. This finding is consistent with the 
demonstration that deletions in the TAD of c-Myc block 
its ability to transform rat embryo fibroblasts (Sarid et al. 
1987; Stone et al. 1987), suggesting that Max does not 
have a functional TAD to complement c-Myc TAD mu-
tations when c-Myc/Max heterodimers are formed in 
vivo. This may explain why a c-Myc TAD mutation be-
haves transdominantly to block c-Myc-induced transfor-
mation (Dang et al. 1989b). Although it is possible that 
Max might have trans-activation properties in different 
cell lines or tissues, the lack of transcriptional activation 
by Max is consistent with its hypothesized role as a pos-
itively acting cofactor for c-Myc function and a poten-
tially negatively acting transcription factor in the ab-
sence of c-Myc (Cole 1991). Our GAL4-Max fusions did 

not include the amino-terminal 7 amino acids of Max. 
However, similar studies with other GAL4-Max con-
structs, which include all but the initiating methionine 
of Max, confirm the lack of a Max activation domain 
independently (E. Prochownik, pers. comm.). We did not 
specifically investigate whether Max has a transcrip-
tional suppressor domain. 

Because Max can homodimerize with itself and het-
erodimerize with c-Myc, we sought to determine 
whether Max contains a potential nuclear localization 
signal that would allow rapid nuclear entry of Max ho-
modimer s. The c-Myc protein has been shown to possess 
a peptide sequence that is responsible for its nuclear lo-
calization (Dang and Lee 1988). If this peptide is linked 
to a normally cytoplasmic marker protein, the marker 
protein then localizes to the nucleus. Because there is 
precedent that proteins with an NLS may bind to other 
proteins and carry them into the nucleus (Dang et al. 
1991), it is possible that c-Myc might carry Max into the 
nucleus in the absence of a Max NLS. Furthermore, the 
relatively small size of a Max monomer theoretically 
would allow its entry into the nucleus by passive diffu-
sion, although a Max dimer would be too large to enter 
passively (Dingwall and Laskey 1986). However, to act 
efficiently as an independent transcription factor. Max 
ought to have independent nuclear localization function. 
Our data demonstrate that a peptide sequence in the car-
boxy-terminal 23 amino acids can function as an effi-
cient NLS. It is very likely that the NLS in this region is 
PQSRKKLR, which resembles the c-Myc NLS and con-
forms to the lysine-basic-X-basic consensus for many 
NLS (Garcia-Bustos et al. 1991), along with the frequent 
occurrence of an adjacent helix-breaking amino acid 
such as proline (Table 1). Additional data have demon-
strated that wild-type Myn, the murine Max protein, is 
localized in the nucleus and that a mutation in the pu-
tative NLS, PQSRKKLR, diminishes the efficiency of nu-
clear targeting (G. Prendergast and E. Ziff, pers. comm.). 

Ample evidence has been presented previously that 
Max interacts specifically with c-Myc in solution in 
vitro (Blackwood and Eisenman 1991; Prendergast et al. 
1991). However, to date, no intracellular association of 
the two proteins has been documented. Using an intra-
cellular association assay, we could not detect c-Myc 
homo-oligomerization intracellularly (Dang et al. 1991). 
In this same assay, we have shown that the HLH—ZIP 
region of Max interacts with the corresponding region of 
c-Myc intracellularly, providing further evidence that 
Max is a physiological partner protein for c-Myc func-
tion. This interaction is dependent, as expected, on the 
integrity of both the HLH and the ZIP domains of c-Myc, 
and presumably on those of Max as well. Expression of 
each of the fusion constructs, except for the c-Myc dele-
tion mutants, is demonstrated functionally by its ability 
to interact intracellularly to activate transcription of 
CAT. 

Interestingly, the Max chimeric proteins, which inter-
act well with the c-Myc chimeras, fail to interact 
strongly with each other intracellularly. This observa-
tion raises the question whether Max forms homodimers 
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physiologically in vivo, despite the in vitro homodimer-
ization data. It has been observed that high levels of a 
cotransfected Max expression plasmid can inhibit 
c-Myc/Ras cotransformation of rat embryo cells, imply-
ing that Max may homodimerize in vivo to act as a sup-
pressor at c-Myc/Max DNA-binding sites (J. Barrett and 
C. Dang, unpubl.; G. Prendergast and E. Ziff, pers. 
comm.). Despite its specificity, the intracellular protein-
protein interaction assay may not be highly sensitive, as 
it has failed to detect c-Jun homodimerization (Dang et 
al. 1991). Furthermore, increased DNA binding by in 
vitro-translated Myn has been observed with a carboxy-
terminal deletion that is 9 amino acids greater than that 
used for our intracellular assay (Prendergast et al. 1991). 
It is possible that post-translational modification within 
this nonapeptide sequence is sufficient to suppress Max 
homodimerization intracellularly. This nonapeptide se-
quence, KARSSAQLQ, includes a consensus site for po-
tential phosphorylation by cAMP-dependent protein ki-
nase (Kennelly and Krebs 1991). 

The current studies deal with the 151 -amino-acid form 
of Max and, in some cases, with a slightly truncated form 
lacking the amino-terminal 7 amino acids. We did not 
evaluate the 160-amino-acid product of an alternatively 
spliced transcript, which has 9 additional amino acids in 
the amino-terminal region. It is possible that the longer 
form of Max might differ in its biological activity, al-
though this issue remains to be studied. 

The data that have accumulated to date are consistent 
with the following model (Fig. 7): Max is specifically 
transported to the nucleus, where it may exist as a ho-
modimer, and it acts to suppress transcription at DNA 
sequences related to CAC(G/A)TG. This binding may be 
regulated by phosphorylation at as yet unknown sites, 
including a potential carboxy-terminal casein kinase II 
phosphorylation site. Induced regulated high-level 
c-Myc expression, resulting in c-Myc/Max heterodimers 
binding to CAC(G/A)TG, could transiently activate tran-
scription of growth-promoting genes, and also could pos-
sibly inhibit transcription of growth suppression genes. 
In contrast, deregulated c-Myc expression, leading to 
continuous formation of c-Myc/Max heterodimer, could 
promote neoplastic cell proliferation. Support for such a 
model awaits direct evidence of transcriptional regula-
tion of specific growth-related genes by the c-Myc/Max 
heterodimer. 

Materials and methods 

E. coli expression plasmids 

All plasmids were constructed and manipulated by use of stan-
dard techniques (Sambrook et al. 1989). The E. coli expression 
vector pDS56-6xHis (a gift from F. Rauscher), containing an 
ATG start codon followed by 6 histidine codons, was modified 
to create downstream Clal and Xhol sites. Xhol-Nsil fragments 
of various c-myc deletion mutants (Stone et al. 1987) were sub-
cloned between the Xhol and Pstl sites of the modified vector, 
giving rise to a pDS-Myc series of plasmids. The modified 
pDS65-6xHis vector was modified further to include an Nsil 
site, and between the Clal and Nsil sites a max fragment was 
inserted from the upstream Taql site to the Nsil site from 
pVZlp21Max, a plasmid that encodes the shorter 151-amino-
acid Max polypeptide (a gift from E. Blackwood and R. Eisen-
man), generating the new plasmid pDS-Max. The PRMyc ex-
pression vector that encodes full-length c-Myc (a gift from R. 
Watts) has been described previously (Watt et al. 1985). 

PK fusion plasmids 

The PK expression plasmid RLPK12 has been described previ-
ously (Kalderon et al. 1984). The max Sstl-Taql fragment with 
codons 1-126 of pVZlp21Max was subcloned into pGALO 
(Kato et al. 1990) between the SstI and Clal sites to acquire a 
new downstream Xhol site. The Sstl-Xhol fragment from the 
resulting plasmid pGRMax( 1-126) was subcloned, in turn, 
along with the Hindlll-SstI fragment from pBluescript II KS( - ) 
(Stratagene), into pMyclOSPK (Dang and Lee 1988) between its 
HirzdIII and Xhol sites, resulting in plasmid pMaxl26PK. The 
max Taql-EcoRl fragment with codons 126-151 of 
pVZlp21Max was subcloned between the Clal and £coRI sites 
of pBluescript II KS(-), creating pBMax(126-151). The max 
fragment was cleaved from this plasmid with Xhol and BamHl, 
and subcloned, in turn, into pPK350Myc between its Xhol and 
BglR sites, resulting in plasmid pPK126Max. 

GAL4 DBD fusion plasmids 

The GAL4-Myc fusion plasmids GM( 1-262) and GM( 262^39) 
and vectors GALO and GALM have been described previously 
(Kato et al. 1990). All constructs contain the SV40 early pro-
moter upstream from the DBD and NLS encoded by GAL4 
codons 1-147 (Sadowski et al. 1988). Plasmid pGMax-bHZ was 
created by three-piece ligation of the 311-bp Taql-Pstl fragment 
of pVZlp21Max, including Max codons 8-103 to the 1.5-kb 
Pstl-Clal fragment of GALO and the 1.9-kb Pstl fragment of 

:::: 5 <««<«< 

NLS 

Figure 7. Functional domains of c-Myc and Max. Sum-
mary of functional activities that have been mapped 
definitively to indicated regions of the c-Myc or Max 
protein: transcriptional activation domain (TAD); non-
specific DNA-binding domain (NDB); nuclear localiza-
tion signal (NLS); casein kinase II phosphorylation site 
(CKII) (Luscher et al. 1989); basic specific DNA-binding 
domain (b); helix-loop-helix and leucine zipper oligo-
merization domains (HLH-ZIP). The top bar represents 
the c-Myc protein; the bottom bar represents the 151-
amino-acid Max protein. The codons that lie at the bor-
der of each domain are indicated below the bars. 
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GALM. Plasmid pGMax-CT was constructed by three-piece li-
gation of the 150-bp Pstl-EcoRl fragment of pVZlp21Max, in-
cluding Max codons 102—151 to the 1.5-kb Pstl fragment of 
GALM and the 1.9-kb Pstl-EcoKl fragment of GALO. Plasmid 
pGMax-full was constructed by three-piece ligation of the 0.9-
kb Hindlll-Pstl fragment of pGMax-bHZ to the 210-bp Pstl-

Xbal and 2.5-kb Xbal-Hindlll fragments of pGMax-CT. DMax 
is identical to pGMax-bHZ, and DMyc is identical to GM(262-
439). The reporter plasmid GSElbCAT has been described pre-
viously (Lillie and Green 1989). 

VP16 TAD fusion plasmids 

All Myc-VP16 fusions include the TAD encoded by codons 
411-490 of VP16. AMyc has been described previously and in-
cludes the NLS and bHLH-ZIP regions encoded by c-Myc 
codons 262-439 (Dang et al. 1991). AMycDH, containing a de-
letion of the HLH region encoded by c-Myc codons 371-412, 
was generated by three-piece ligation of the 280-bp Sall-Clal 

fragment of pBVPA490 (Dang et al. 1991) to the 3.2-kb Xhol-

Hindlll fragment of pMLVMycIn6 (Stone et al. 1987) and the 
4.0-kb Clal-Hindlll fragment of pMLVMycA371-412 (Stone et 
al. 1987). AMycDZ, containing a deletion of c-Myc codons 4 1 3 -
433 in the ZIP region, was constructed similarly, using the 4.0-
kb Clal-Hindm fragment of pMLVMycA413-433 (Stone et al. 
1987). AMax was constructed by ligation of the 350-bp Sall-

Xbal fragment of pGMax-bHZ between the sames sites in pN-
LVP, a eukaryotic expression vector that encodes the amino-
terminal 11 amino acids of GAL4 fused to the SV40 large T 
antigen NLS PKKKRKVD, followed by the VP16 TAD codons 
411-455, followed by a multiple cloning site (Dang et a. 1991). 
All constructs contain the promoter region of the Moloney mu-
rine leukemia virus, except for AMax, which contains the SV40 
early promoter. 

Table 2, Synthetic oligonucleotides 

PMB 

5'-AGCTTGGGGCACGTGCCCCA-3' 

3•-ACCCCGTGCACGGGGTTCGA-5' 

IMS 

5'-TCGAGACCACGTGGTC-3' 

3'-CTGGTGCACCAGAGCT-5' 

NEG 

5•-GGCCGCCCAAACTCAT-3' 

3'-CGGGTTTGAGTAGC-5' 

MYCA 

5'-TCGAGGGGCACATGCCCCGGGGCACATGCCCCA-3' 

3'-CCCCGTGTACGGGGCCCCGTGTACGGGGTTCGA-5' 

MYCC 

5'-TCGAGGGGCACCTGCCCCGGGGCACCTGCCCCA-3' 

3'-CCCCGTGGACGGGGCCCCGTGGACGGGGTTCGA-5' 

CAC2 

5•-TCGAGGGGCACGTGCCCCGGGGCACGTGCCCC-3' 

3'-CCCCGTGCACGGGGCCCCGTGCACGGGGAGCT-5' 

MYCT 

5'-TCGAGGGGCACTTGCCCCGGGGCACTTGCCCC-3' 

3'-CCCCGTGAACGGGGCCCCGTGAACGGGGAGCT-5' 

CAG2 

5•-TCGAGGGGCAGCTGCCCCGGGGCAGCTGCCCC-3' 

3'-CCCCGTCGACGGGGCCCCGTCGACGGGGAGCT-5' 

Synthetic oligodeoxynucleotides 

The oligodeoxynucleotides listed in Table 2 were synthesized 
by the Oligonucleotide and Peptide Synthesis Facility at the 
Johns Hopkins University School of Medicine, by Oligos Etc., 
Inc. (Guilford, CT), or on an Applied Biosystems PCR-Mate oli-
gonucleotide synthesizer. 

Protein piepaiation 

Full-length c-Myc protein was prepared and purified as de-
scribed (Watt et al. 1985) to a purity of —50% as estimated by gel 
electrophoresis (data not shown). The truncated c-Myc proteins 
and the Max protein were prepared and purified as described 
(Abate et al. 1990). The proteins were stored in 10 mM Tris-HCl 
(pH 7.4), 100 mM NaCl, 1 mM EDTA • Naj, I mM dithiothreitol 
(DTT), and 10% glycerol in aliquots at -85°C. 

SDS-PAGE 

SDS-PAGE was performed under reducing conditions by stan-
dard methods (Sambrook et al. 1989). Purified Max protein was 
resolved on a 15% polyacrylamide slab gel with 37.5 : 1 acryla-
mide/bis-acrylamide and stained with Coomassie blue. Cross-
linked proteins were resolved on a 10% polyacrylamide gel. 

EMSA 

DNA probes were prepared by filling 5' overhangs with the 
Klenow fragment of DNA polymerase I (Pharmacia) and 
[a-^^P]dCTP (Amersham) along with nonradioactive dATP, 

dGTP, and dTTP (Pharmacia), achieving a specific activity of 
10^-10^ cpm/pmole. Approximately 50 ng of Max protein or up 
to 6 fig of Myc protein was added to 1 p-g of poly[d(I-C)] (Phar-
macia) in 10 mM Tris-HCl (pH 7.4), 80 mM NaCl, I mM DTT, 
and 5% glycerol in a final volume of 10-20 |JL1. In the case of 
heterodimer formation, this mixture first was warmed to 42°C 
for 15 min to allow dimer exchange. All reactions were then 
incubated for 15 min at room temperature, followed by the ad-
dition of 1 X 10^ to 5 X 10^ cpm of probe to each reaction. After 
15 min at room temperature, 3 |JL1 of 0.1 % bromophenol blue in 
the same buffer was added, and the mixtures were electropho-
resed on a 5% polyacrylamide gel (37.5 : 1 acrylamide/bis-acry-
lamide) in 0.5 x THE buffer (Sambrook et al. 1989), with 0.01% 
NP-40 (Sigma) that had been prerun at 20 V/cm for 30 min. 
Following electrophoresis at 20 V/cm, the gel was dried and 
subjected to autoradiography for 3-72 hr. For assessment of the 
comparative DNA-binding potential of the various truncated 
c-Myc proteins, protein concentrations were determined by the 
Bradford assay and protein purities were estimated by SDS-
PAGE and Coomassie blue staining. Quantities were then ad-
justed to yield equimolar amounts of the various c-Myc proteins 
as assessed by inspection of an immunoblot of the preparations 
developed with the 9E10 monoclonal antibody directed against 
the c-Myc carboxyl terminus (Evan et al. 1985), followed by 
anti-murine IgG conjugated to horseradish peroxidase. Quanti-
ties of the proteins corresponded to an amount equimolar to 1 
|xg of of c-Myc(354-439). 
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Supershift assays were run as described above, with 1 |xl of 
monoclonal antibody added at the beginning of the first incu-
bation. Antibodies were anti-Myc 9E10, CT-9, CT-14 (Evan et 
al. 1985), or anti-glycoprotein IIB/IIIA (Bennett et al. 1983). 

The publication costs of this article were defrayed in part by 
payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 USC section 
1734 solely to indicate this fact. 

Double-cross assay 

DNA-binding reactions were assembled similar to the above 
EMSA assays in 1.5-ml microcentrifuge tubes. The tubes were 
placed directly on a short wavelength UV light table (Fotodyne) 
and were directly irradiated for 30 min. Glutaraldehyde (Poly-
sciences) was added to varying final concentrations of 0.01-
0.25%, and the reactions were incubated at room temperature 
for 20 min. This high concentration of glutaraldehyde was re-
quired to overcome chemical inactivation of glutaraldehyde by 
the DTT present in the protein storage buffer, producing inac-
tive mercaptal adducts. An equal volume of 2x Laemmli reduc-
ing SDS-loading buffer was added to each tube, and the samples 
were heated to 100°C for 10 min and fractionated by SDS-PAGE. 
The gel was dried and subjected to autoradiography for 24 hr. 

Transcriptional activation and intracellular interaction 

assays 

DUKXBII CHO cells were maintained and transfected by the 
DEAE-dextran technique as described (Lillie and Green 1989; 
Dang et al. 1991). CAT activity was assayed by the phase ex-
traction method using [^"^Cjchloramphenicol (Amersham) as de-
scribed (Seed and Sheen 1988; Dang et al. 1991). In the case of 
assays for a potential Max activation domain, transfection effi-
ciency was evaluated by cotransfection with 2 |xg of pCHllO 
(Pharmacia), a p-galactosidase constitutive expression plasmid, 
and enzyme activity was assayed (Sambrook et al. 1989). The 
range of variation in transfection efficiency was less than three-
fold (data not shown). Each construct was tested in two to six 
transfections. Immunoprecipitation analysis was performed 
from transfected CHO cells, using anti-GAL4 antiserum (gift of 
I. Sadowski), as described previously (Kato et al. 1990). 

Nuclear localization studies 

COS-1 cells were maintained and transfected in a manner sim-
ilar to that described for COS-7 cells, except that chloroquine 
was added to a final concentration of 0.1 mM during the 5-hr 
DEAE-dextran transfection, and subsequent indirect immuno-
fluorescence was performed as described (Dang and Lee 1988). 
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