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Max is a helix-loop-helix zipper protein that associates in vitro with Myc family proteins to form a 
sequence-specific DNA-binding complex. We show here, by means of a coimmunoprecipitation assay with 
anti-Myc and anti-Max antibodies, that Myc and Max are associated in vivo and essentially all of the newly 
synthesized Myc can be detected in a complex with Max. This complex possesses specific DNA-binding 
activity for CACGTG-containing oligonucleotides. Although Max itself is a highly stable protein, Myc is 
rapidly degraded during or after its association with Max. In vivo Max is shown to be a nuclear protein 
phosphorylated by casein kinase II, and alternatively spliced forms of Max are expressed in cells. Furthermore, 
the levels of Max expression are equivalent in quiescent, mitogen-stimulated, and cycling cells. We conclude 
that the highly regulated rate of Myc biosynthesis is likely to be a limiting step in the formation of Myc:Max 
complexes. 
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The proteins encoded by the c-myc, L-myc and N-myc 
proto-oncogenes are short-lived nuclear phosphoproteins 
that possess DNA-binding and protein dimerization do-
mains structurally related to those found in an increas-
ing number of transcription factors (Jones 1990; Liischer 
and Eisenman 1990; Penn et al. 1990). For this class of 
factors dimerization is mediated by a putative helix-
loop-helix region that in some cases (as in the Myc fam-
ily proteins) is contiguous with a leucine zipper motif 
(HLH-Zip). Dimerization is required for specific DNA 
binding by the short stretch of basic amino acids (b) that 
precedes the HLH-Zip region (Benezra et al. 1990; Davis 
et al. 1990; Jones 1990). A major problem in elucidating 
the function of Myc family proteins has been the inabil-
ity to define either a dimerization partner or a specific 
DNA sequence with which Myc interacts (for review, 
see Liischer and Eisenman 1990). 

Recent work, however, has led to inroads into both of 
these problems. First, c-Myc has been demonstrated to 
possess specific DNA-binding activity. Several groups 
have demonstrated that either the c-Myc bHLH-Zip do-
main, a chimeric protein containing the basic region of 
c-Myc with a heterologous HLH domain, or full-length 
c-Myc are all capable of specifically binding the nucle-
otide sequence CACGTG (Blackwell et al. 1990; Hala-
zonetis and Kandil 1991; Kerkhoff et al. 1991; Prender-
gast and Ziff 1991). The binding activity detected for 
c-Myc is weak in that it requires high concentrations of 
c-Myc protein. This is presumably due to the low effi-
ciency with which Myc can functionally homodimerize 
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(Dang et al 1989; Smith et al. 1990). Second, a dimeriza-
tion partner for Myc family proteins has been identified. 
By using a functional cloning strategy a novel human 
cDNA was isolated that encodes a bHLH-Zip protein 
dubbed Max. Max associates in vitro with the c-Myc, 
N-Myc, and L-Myc proteins but not with other bHLH-
Zip proteins tested (Blackwood and Eisenman 1991). A 
murine homolog of Max has also been identified (Pren-
dergast et al. 1991). Association between Myc and Max 
requires the HLH-Zip regions of both proteins (Black-
wood and Eisenman 1991; Prendergast et al. 1991). In 
addition, the human c-Myc:Max complex binds to the 
CACGTG DNA sequence in a sequence-specific manner 
under conditions where Myc or Max alone display rela-
tively weak binding. This DNA binding is dependent on 
the basic region as well as the HLH-Zip domains of both 
partners (Blackwell et al. 1990; Blackwood and Eisenman 
1991; Prendergast et al. 1991). 

All of these studies on Myc:Max interaction have been 
carried out by using bacterially expressed or in vitro-
translated proteins. To examine potential biological 
roles for the Myc:Max complex we have identified and 
characterized Max in vivo and demonstrated that the 
two proteins can be coimmunoprecipitated from cell ly-
sates. 

Results 

max encodes p21 and p22 proteins in vivo 

To study Max in vivo we produced an antiserum against 
a purified fusion protein containing the 124 carboxy-ter-
minal residues of human Max linked to the carboxyl 
terminus of glutathione-S-transferase (GST-MaxC124) 
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(see Materials and methods). The anti-GST-MaxC124 
serum (anti-Max) was initially tested in immunoprecip-
itation using whole-cell lysates prepared from p^S]me-
thionine-labeled human Burkitt 's lymphoma cells 
(Manca). SDS-PAGE analysis of an anti-Max immuno-
precipitate revealed a predominant doublet with relative 
molecular masses of 21 and 22 kD, which was not rec-
ognized by the cognate preimmune serum (Fig. lA). Im-
munoprecipitation of the 21- and 22-kD proteins could 
be inhibited competitively by excess GST-MaxC124 
protein but not by excess GST alone, suggesting that 
p21/22 are recognized through determinants specific to 
the Max segment of the immunogen. Numerous minor 
protein bands were also present in the anti-Max immu-
noprecipitate, but as these bands were present in precip-
itates formed with preimmune serum and were not 
blocked with excess GST-Max protein, we assume that 
they are the result of nonspecific adsorption to the im-
mune complex. 

To determine whether p21/22 are structurally related 
to Max we compared two-dimensional [^^SJmethionine 
tryptic peptide maps of the protein generated by in vitro 
transcription-translation of the p21 Max cDNA clone 
(Blackwood and Eisenman 1991) and of the p21/22 pro-
teins from Manca cells. Figure IB shows that the labeled 
peptide patterns of the in vivo- and in vitro-generated 

proteins are superimposable, demonstrating that the 
p21/22 proteins recognized by anti-Max from Manca 
cells are highly related to Max. 

As both p21 and p22 proteins can be identified in 
Manca, as well as other cell types (Fig. lA and data not 
shown), it was important to determine the relationship 
between the two proteins. They did not appear to be 
differentially phosphorylated forms of the same protein 
as phosphatase treatment did not resolve the p21/22 dou-
blet into a single species (data not shown). In addition, 
we could find no evidence for a precursor—product rela-
tionship between the two proteins (see Fig. 3, below). 
Previous work had identified two Max cDNAs differing 
only by the addition of a 9-amino-acid segment amino-
terminal to the basic region (Blackwood and Eisenman 
1991; Prendergast et al. 1991). In vitro translation of the 
two variant cDNAs (Fig. IC, left) shows that they differ 
in apparent molecular mass by ~ 1 kD but are nonethe-
less easily resolved as a doublet on SDS-PAGE. Figure IC 
(right) shows that their individual electrophoretic mo-
bilities are identical to those of p21 and p22 immuno-
precipitated from Manca cells with anti-Max. These data 
suggest that p21 and p22 are Max proteins that differ by 
the 9-amino-acid insertion [note that the 9-amino-acid 
insertion would not be expected to contribute to the 
tryptic peptide pattern shown in Fig. IB, as the initiating 
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Figure 1. Identification of Max polypeptides in vivo. [A] Max protein was immunoprecipitated from [^^Sjmethionine-labeled Manca 
cells using anti-GST-MaxC124 (a-Max). Preimmune serum (Pre-imm) served as a background control, whereas excess immunogen 
(GST or GST-Max) was used to compete for specific anti-Max binding. [B, upper left] SDS-PAGE analysis of the immunoprecipitated 
and in vitro-translated proteins used for peptide mapping; [B, lower left and right] two-dimensional tryptic peptide maps of [̂ ^S]me-
thionine-labeled protein comparing in vitro-translated p21 Max (IVT) with in vivo-labeled p21/22 Max proteins (Manca). (C) The two 
Max cDNAs (IVT p21 and p22) were translated in a reticulocyte lysate and compared in one-dimensional SDS-PAGE with in vivo-
labeled Max polypeptides (in vivo aMax). 
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amino-terminal [^^S]methionine of Max is likely to be 
removed (Moerschell et al. 1990)]. On the basis of anti-
genicity, electrophoretic mobility, and two-dimensional 
peptide mapping analysis, we conclude that p21 and p22 
are encoded by max. 

p21/22^'"' are highly stable nuclear proteins 

phosphorylated by casein kinase II 

Proteins belonging to the Myc family have long been 
characterized as nuclear phosphoproteins (see Eisenman 
1989). That Max is also nuclear can be demonstrated by 
immunofluorescence analysis of fixed HeLa cells as de-
scribed in Materials and methods. Anti-Max produces 
granular nuclear staining exclusive of nucleoli, as ob-
served for Myc (Fig. 2A) (Abrams et al. 1982). In addition, 
both the p21 and p22 Max proteins appear to be predom-
inantly nuclear, as shown by cell fractionation experi-
ments (data not shown). That Max is a phosphoprotein 
was demonstrated by immunoprecipitation of radioac-
tive p21/22 from ^^P04-labeled Manca cells (Fig. 2B). 

Several major in vivo phosphorylation sites on c-Myc 
have been shown to correspond to those phosphorylated 
by casein kinase II (CKII) in vitro (Liischer et al. 1989). 
CKII specifically phosphorylates serine or threonine res-
idues within clusters of acidic amino acids, with an ap-

parently absolute requirement for an acidic residue 3 
amino acids carboxy-terminal to the target serine/threo-
nine (Kuenzel et al. 1987). Because Max also contains 
such putative CKII consensus phosphorylation sites we 
determined whether CKII would phosphorylate Max in 
vitro by treating immunoprecipitated p2I/22 Max with 
purified CKII and [^-^^PJATP. Figure 2B shows that radi-
olabeled phosphate was specifically incorporated into 
both Max proteins. Note that the immunoglobulins, 
present in large amounts in the anti-Max immunopre-
cipitate, are not labeled with CKII, indicating that the 
phosphorylation of Max is potentially specific. It was 
important to determine whether the sites of this in vitrD 
phosphorylation of Max by CKII correspond to regions 
phosphorylated in vivo. Therefore, we compared tryptic 
phosphopeptide maps of in vivo and in vitro •^^P04-la-
beled Max and found them to be identical (B. Luscher, 
unpubl.). Thus, both Max and Myc proteins appear to be 
in vivo targets for CKII phosphorylation. 

Myc proteins have extraordinarily short half-lives, on 
the order of 20-30 min (Hann and Eisenman 1984; 
Luscher and Eisenman 1988; Waters et al. 1991). In con-
trast, both Max proteins are highly stable, as demon-
strated by the pulse-chase analysis carried out in human 
K562 cells and shown in Figure 3. No change in the lev-
els of pulse-labeled Max is detectable 6 hr after removal 
of label, and Max appears stable even after a 24-hr chase 
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Figure 2. Nuclear localization and 
phosphorylation of a-Max polypeptides. 
[A] Subcellular localization of Max pro-
tein was assayed by indirect immunoflu-
orescence on fixed HeLa cells. Anti-Max 
and polyclonal anti-Myc immunoreac-
tive proteins were detected with FITC-
labeled goat anti-rabbit immunoglobulin 
secondary reagent. Excess immunogen 
(Max block) or preimmune serum (Prei 
a-Myc) was used as negative control, re-
spectively. Phase-contrast images of the 
immunostained cells are shown at right. 

(B) Max polypeptides were immunopre-
cipitated from [^^P]orthophosphate-la-
beled cells (a-Max ^^Pi) or from unlabeled 
cells and phosphorylated in vitro with 
casein kinase II (CKII, a-Max). The im-
munogen (GST-MaxC124) served as an 
excellent substrate for CKII when added 
as a blocking reagent (b). Autophosphor-
ylation of the p subunit of CKII (-) is 
shown in the enzyme only control. 
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Figure 3. Stability of the Max polypeptides. To analyze protein 
stability, K562 cells were pulse-labeled with [̂ ^Sjmethionine for 
30 min (P) and chased for various lengths of time in the presence 
of excess nonradioactive methionine. Samples were immuno-
precipitated under high-stringency conditions with anti-Max 
and subjected to SDS-PAGE. GST-MaxC124 was used to block 
specific immunoprecipitation (b). 

period (data not shown). In addition, the relative levels of 
p21 and p22 Max are unaltered during the chase period, 
consistent with the idea that the two proteins are inde-
pendent translation products (Fig. 3). Similar results 
have been obtained in several human cell types as well as 
in avian and murine cells; thus, high stability is likely to 
be characteristic of Max protein (data not shown). 

Myc and Max associate in vivo 

In vitro c-Myc homodimerizes poorly, if at all (Blackwell 
et al. 1990; Smith et al. 1990; Prendergast and Ziff 1991), 
whereas Max self-associates but preferentially forms het-
erodimers with c-Myc (Blackwood and Eisenman 1991). 
A major question raised by the in vitro demonstration of 
Myc:Max association is whether these proteins also in-
teract in vivo. To answer this question we began by ex-
amining the conditions required for immunoprecipita-
tion of Myc from cells. Analyses of Myc proteins by im-
munoprecipitation are frequently carried out using a 
mixture of nonionic and ionic detergents that permit ef-
ficient extraction of Myc from nuclei and decrease non-
specific binding of proteins to the immunocomplex 
(Abrams et al. 1982; Hann et al. 1983; Eisenman et al. 
1985; Ramsay et al. 1986). However, as deoxycholate and 
SDS disrupt the Myc:Max complex formed after in vitro 
translation of both proteins (data not shown), in vivo 
association between Myc and Max might be similarly 
disrupted under standard high-stringency immunopre-
cipitation conditions (see Materials and methods). The 
Myc:Max oligomers, however, formed in vitro were not 
disrupted in buffers containing only nonionic detergents 
(low-stringency conditions). 

The effects of detergent conditions on the association 
of Myc with Max in vitro prompted us to examine the 
manner in which detergents influenced the composition 
of anti-Myc and anti-Max immunoprecipitations from 
cells. Figure 4A shows a comparison of anti-c-Myc and 
anti-Max immunoprecipitates from Manca cells carried 
out under high- and low-stringency conditions. The im-
munocomplexes formed using high-stringency buffer 
contain either p64 c-Myc or p21/22 Max (Fig. 4A, HS). 
Reduction of the stringency of the buffer results in an 
increase in the background precipitation, as well as the 

appearance p21/22 in the anti-Myc precipitate and p64 in 
the anti-Max precipitate (Fig. 4A, LS). That these pro-
teins are specifically precipitated is demonstrated by the 
ability of Max and Myc immunogens to competitively 
block their precipitation (Fig. 4A, b and LS), whereas the 
elevated background is unaffected. Furthermore, Figure 
4A (a-Myc) shows that anti-Myc can cleanly precipitate 
Myc protein that has been released from a low-strin-
gency anti-Max immunocomplex by the addition of SDS 
and deoxycholate. Similarly, anti-Max can precipitate 
Max protein released from the anti-Myc complex in the 
same manner (Fig. 4A, a-Max). The ability of the anti-
Myc and anti-Max sera to precipitate the complex with-
out disrupting it is consistent with our results on 
Myc:Max oligomers formed in vitro (Blackwood and 
Eisenman 1991). Two other points suggest that the as-
sociation of Myc and Max does not occur during or after 
cell lysis. First, the lysis and coimmunoprecipitations 
are carried out at 4°C, a temperature at which Myc and 
Max do not dissociate in vitro (E.M. Blackwood, un-
publ.). Second, addition to the lysate of excess unlabeled 
Max protein, fully competent to dimerize, blocks precip-
itation of both Max and Myc (Fig. 4A,b), suggesting that 
subunit exchange is not appreciable under these condi-
tions. We conclude from these experiments that Max 
and Myc are highly likely to be associated in vivo. Sim-
ilarly, we have been able to demonstrate in vivo associ-
ation between Max and N-Myc, as well as between dif-
ferent retrovirally encoded v-Myc proteins and Max (data 
not shown). 

Considering the highly stable nature of Max, it was of 
interest to determine whether the short half-life of 
c-Myc might be affected by its association with Max. 
Myc protein stability was evaluated by pulse-chase ex-
periments using BK3A cells, a chicken bursal lymphoma 
cell line in which Myc protein metabolism has been 
studied extensively (Liischer and Eisenman 1988). After 
the 30-min pulse label, and at different time points dur-
ing the chase period, the cells were lysed under low-
stringency conditions and Myc proteins immunoprecip-
itated under high-stringency conditions with anti-Myc 
to determine the total amount of radiolabeled Myc 
present (Fig. 4B, left). In parallel, the amount of labeled 
Myc protein associated with Max was determined by im-
munoprecipiation with anti-Max under low-stringency 
conditions (Fig. 4B, center). Although Myc protein can be 
resolved under these conditions, we verified the amount 
of Myc present in the Max complex by treating the anti-
Max immunocomplex with high-stringency buffer fol-
lowed by reimmunoprecipitation with anti-Myc (Fig. 4B, 
right). The results show clearly that the majority of the 
newly synthesized Myc protein is present in the complex 
with Max and, furthermore, that the half-life of Myc is 
unchanged by its association with Max. It is important 
to bear in mind, however, that detergent lysis conditions 
might not extract all of the Myc protein. 

Immunoprecipitated Myc:Max complexes specifically 

bind the CACGTG motif 

Previous work had demonstrated that the Myc:Max 
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Figure 4. Identification and stability of Myc:Max complexes in vivo. (A) [^^S]Metliionine-labeled Manca cell lysates were immuno-
precipitated under high-stringency (HS) or low-stringency (LS) detergent conditions (see Materials and methods). An excess of the 
cognate immunogen was used to block specific immunoprecipitation (b). To verify the identity of the coprecipitated component, 
low-stringency MyciMax complexes were dissociated with SDS and reimmunoprecipitated under high-stringency conditions with the 
converse antiserum (a-Myc or a-Max). (B) The stabihty of Myc protein was analyzed by pulse-chase labeling (30-min pulse label) of 
BK3A, an avian bursal lymphoma cell line. Low-stringency extracts of Myc protein were directly immunoprecipitated under high-
stringency conditions (HS a-Myc) or coprecipitated in a complex with Max (LS a-Max). To verify the levels of Myc protein found in 
anti-Max immunoprecipitates, low-stringency complexes were dissociated with ionic detergent and reprecipitated with anti-Myc (LS 
a-Max—» HS a-Myc). Identical exposures are shown. 

complex formed from in vitro-translated proteins was 
capable of binding a synthetic oligonucleotide (CM-1) 
containing the CACGTG site under conditions where 
neither Myc nor Max alone showed substantial binding 
(Blackwood and Eisenman 1991; Prendergast et al. 1991). 
We were interested in determining whether similar bind-
ing activity could be identified in cells. Gel-retardation 
analyses using nuclear extracts demonstrated rather 
strong binding to oligonucleotides containing this site; 
but as neither anti-Myc nor anti-Max antibodies influ-
enced mobility it seems likely that such binding is the 
result of USF or other proteins known to bind this se-
quence (Carthew et al. 1985; Sawadogo and Roeder 
1987). To avoid this background binding we prepared 

anti-Max immunoprecipitates under low-stringency 
conditions, dissociated the immunocomplexes with gua-
nidine HCl, and renatured the proteins by dialysis into 
DNA-binding buffer as described previously (Liischer et 
al. 1990; see Materials and methods). Both Myc and Max 
proteins are present in this immunoprecipitate, as veri-
fied by immunoblot analysis wi th anti-Myc and anti-
Max antibodies (Fig. 5, left). 

When the anti-Max-immunoprecipitated material is 
used in gel-retardation assays the CM-1 oligonucleotide 
is bound in a major complex and a more slowly migrat-
ing minor complex. A similar degree of binding was de-
tected for the EMS (E box, Myc site; Prendergast et al. 
1991) oligonucleotide that contains the CACGTG 
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Figure 5. Specific DNA-binding activity of immu-
noprecipitated Myc:Max proteins. Anti-Max im-
munoprecipitates were prepared under low-strin-
gency conditions from unlabeled K562 cells and, 
after denaturation and renaturation, were used in 
gel-retardation assays with two ^^P-labeled syn-
thetic oligonucleotides (CM-1 and EMS) containing 
the CACGTG-binding site but with different flank-
ing sequences (see Materials and methods). (Left) 
Immunoblot of the initial anti-Max immunoprecip-
itate probed with a mixture of anti-Myc and anti-
Max antibodies and ^^^I-labeled protein A. The left 
and light lanes are different exposures of the same 
blot, showing the presence of both Myc and Max 
proteins. The immunoglobulin band (Ig) is detected 
through its reaction with the iodinated protein A. 
Gel-retardation assays are shown with CM-1 [mid-
dle) and EMS (right). 
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flanked by a short sequence reputed to improve binding 
by Myc protein produced in vitro (Halazonetis and 
Kandil 1991). Binding to these CACGTG-containing oli-
gonucleotides by the anti-Max-immunoprecipitated pro-
teins is specific, as it is completely competed by excess 
unlabeled CM-1 and EMS but not by the muscle creatine 
kinase enhancer MyoD-binding site (MCK, differing by 
only 3 nucleotides from CM-1), salmon sperm DNA, or 
tRNA (Fig. 5, right). Poly[d(I-C)] also reproducibly com-
petes for binding to CM-1 and EMS, but not as strongly 
as the CACGTG-containing oligonucleotides. 

The retarded CM-1 oligonucleotide is complexed v/ith 
both Myc and Max proteins. This was demonstrated by 
the ability of both affinity-purified anti-Max and anti-
Myc antibodies to block formation of the original faster 
migrating complexes and to produce a secondary shift to 
higher mobility (Fig. 5, middle). That the effects of the 
antibodies are specific is shown by the fact that they 
could be reversed by addition of competing amounts of 
the cognate Myc and Max immunogens (Fig. 5, middle; 
lanes labeled block). We note that the more slowly mi-
grating complex is supershifted with anti-Max but not 
with anti-Myc. This band may represent residual Max 
protein complexed with the initial anti-Max antibodies 
used in the immvmoprecipitate. It is also possible that 
other proteins may be present in these complexes in ad-
dition to Myc and Max. Regardless of the possible pres-
ence of other proteins, our data demonstrate that 
Myc:Max complexes with specific CACGTG-binding ac-
tivity can be immunoprecipitated from cell lysates. 

Max expression during mitogenic stimulation 

and the cell cycle 

c-myc belongs to the class of immediate early genes in 
that although myc RNA and protein are virtually unde-

tectable in quiescent cells, they are induced transiently 
to high levels within several hours after mitogenic stim-
ulation (Kelly et al. 1983; Dean et al. 1986; Clark et al. 
1989). The peak of c-myc expression is followed by a 
decrease to a basal level that remains invariant through-
out the cell cycle (Hann et al. 1985; Rabbitts et al. 1985; 
Thompson et al. 1985; Waters et al. 1991). Because 
c-myc and max are expressed in many of the same cell 
types we asked whether max was also an immediate 
early gene by examining its expression levels after mito-
gen stimulation of serum-starved A31 BALB/c-3T3 cells 
(see Materials and methods). Steady-state expression lev-
els were determined by immunoblotting with anti-Max 
and by Northern blotting. Surprisingly, both Max protein 
and max RNA were readily detected in quiescent cul-
tures (Fig. 6). Addition of serum clearly resulted in entry 
of cells into Gj and S phases, as judged by the 20-fold 
increase in [^H]TdR incorporation (Fig. 6) and an early 
increase in c-myc RNA (data not shown). No significant 
change in steady-state max RNA or protein levels, how-
ever, was observed. 

To determine whether Max levels were modulated 
during the cell cycle itself we used centrifugal elutria-
tion to obtain subpopulations of exponentially growing 
K562 cells enriched for different cell cycle fractions. Fig-
ure 7 (top) shows the DNA contents of the elutriated 
fractions, clearly demonstrating that we have obtained 
subpopulations of cells in G^, S, and G2/M phases. When 
these cells were lysed and Myc:Max complexes were co-
precipitated with anti-Myc or anti-Max under low-strin-
gency conditions, we found that the steady-state levels 
of Max protein were unaltered during the cell cycle (Fig. 
7, bottom). These data also indicate that the amount of 
Myc:Max complex does not change during the cell cycle. 
It is noteworthy that in contrast to the results with 
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Figure 6. Analysis of Max protein and RNA levels during mi-
togen stimulation. A31 BALB/c-3T3 cultures were serum de-
pleted for 5 days before stimulation with 15% fetal serum. 
[̂ H]TdR incorporation was measured in 2-hr pulse labelings af-
ter addition of serum [top]. Max mRNA levels were analyzed by 
Northern blotting, using the max cDNA as probe (Blackwood 
and Eisenman 1991). An ethidium bromide-stained agarose gel 
was used to normalize the amount of RNA (10 jjig, middle]. To 
monitor steady-state levels of Max protein, anti-Max immuno-
precipitates (from unlabeled cells) were resolved by SDS-PAGE, 
transferred to nitrocellulose, and reprobed with anti-Max and 
^^^I-labeled protein A [bottom]. Anti-Max antibody serves as a 
control for ^^^I-labeled protein A-reactive immunoglobulin (Ab). 
The time course is in minutes (') or hours after serum addition. 

pulse-labeled cells (Fig. 4A,B), our immunoblotting ex-
periments do not detect quantitative association be-
tween Myc and Max (Fig. 7). This may be explained by a 
preferential association of newly synthesized Myc with 
Max, whereas Myc protein detected by immunoblotting 
could represent both newly synthesized protein as well 
as older molecules released from the complex. Taken 
together, our data demonstrate that Max is not a member 
of the class of mitogen-inducible genes, and its levels of 
expression are independent of cell growth. 

Discussion 

We have identified the Myc-binding protein Max in vivo 

and have shown that Myc and Max are associated in the 
cell. The complex between Myc and Max is a dynamic 
one in that Myc protein turns over rapidly, whereas Max 
appears to remain highly stable. In addition. Max expres-
sion appears to be independent of the growth state of the 
cell. Max protein and RNA are readily detected in qui-
escent cells at levels that are unchanged by serum stim-
ulation or cell cycle phase. In contrast, mitogenic stim-
ulation has long been known to result in an increase in 
Myc levels from near background in quiescent cells to a 
peak of expression that declines to a basal level before S 
phase (Kelly et al. 1983; Dean et al. 1986). During the cell 
cycle, Myc synthesis and rapid turnover have been 
shown to be maintained at a constant basal level (Hann 
et al. 1985; Rabbitts et al. 1985; Thompson et al. 1985; 
Waters et al. 1991), and we show here that Max levels 
also do not vary during the phases of the cell cycle. In 
addition, it would appear that the ability of Myc and Max 
to form a hetero-complex is not modulated as a function 
of the cell cycle. We have also carried out coimmuno-
precipitation experiments with results indicating that 
the virally encoded v-Myc transforming proteins, as well 
as N-Myc, are associated with Max in cells (data not 
shown). Together with data indicating that N-Myc, 
c-Myc, and L-Myc associate with Max in vitro (Black-
wood and Eisenman 1991), this raises the possibility that 
all Myc family proteins might function in a complex 
with Max. 

Previous work has demonstrated that mutat ions in the 
carboxy-terminal HLH domain of c-Myc, which inhibit 
its binding to Max (Blackwood and Eisenman 1991; Pren-
dergast et al. 1991), also abolish the biological activity of 
Myc as measured by cotransformation, inhibition of dif-
ferentiation, and autoregulation (for review, see Penn et 
al. 1990; Liischer and Eisenman 1990). As most, if not 
all, of the newly synthesized Myc protein passes through 
a complex with Max we believe that Myc exerts its bio-
logical functions through its association with Max. Ge-
netic evidence, such as the effects of in vivo inactivation 
of Max through gene deletion or introduction of domi-
nant-negative Max proteins, however, will be required to 
formally demonstrate that Max is indispensible to the 
function of Myc. 

The contrasting properties of Myc and Max suggest 
that it is the abundance of Myc that limits or drives 
formation of heterocomplexes. In vitro studies indicate 
that Max homodimerizes but will preferentially associ-
ate with Myc, which homodimerizes poorly, if at all 
(Blackwell et al. 1990; Smith et al. 1990; Blackwood and 
Eisenman 1991; E.M. Blackwood, unpubl.). In vivo short-
lived Myc monomers may be continually competing 
with Max homodimers for interaction with Max. One 
possibility is that Max homodimers function in a man-
ner distinct from Myc:Max heterodimers and that Myc 
serves to transiently "switch" Max between its different 
activities. Thus, the extraordinary degree to which Myc 
expression is regulated and the loss of this regulation 
during oncogenic activation (for review, see Spencer and 
Groudine 1990) may critically influence the balance be-
tween heterodimer and homodimer function. 
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Figure 7. Analysis of Myc:Max complex 
formation during the cell cycle. An expo-
nentially growing culture of the human 
erythroleukemia cell line, K562, was sub-
jected to centrifugal elutriation, and size-
fractionated subpopulations were moni-
tored for DNA content after propidium io-
dide staining. (Top) The DNA contents of 
the different subpopulations; [bottom] low-
stringency immunoprecipitates with anti-
Myc and anti-Max sera from each fraction 
were immunoblotted with a mixture of 
anti-Myc and anti-Max and iodinated pro-
tein A. Asynchronous cells (Asyn) are from 
a nonelutriated exponentially growing pop-
ulation; antibody alone (Ab) in the absence 
of cell lysate served as a control for the po-
sition of iodinated protein A-reactive im-
munoglobulin. 
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It will be of interest to determine whether complex 
formation or function is regulated by other factors, such 
as CKII phosphorylation, the expression pattem of two 
alternative Max proteins, or potential interactions with 
other cellular components. Recently, it has been shown 
that the amino-terminal region of Myc, which is thought 
to function as a transcriptional activator region (Kato et 
al. 1990), can associate with plOSRb in an in vitro-bind-
ing assay (Rustgi et al 1991). We note anti-Max and anti-
Myc immunoprecipitates, performed under conditions 
that permit Myc:Max association, also contain a number 
of other proteins, some of which might be specifically 
associated with the complex. To date, we have been un-
able to detect plOSRb among these proteins (E.M. Black-
wood, unpubl.), suggesting that its association with Myc 
is either of lower affinity than that of Max or that only a 
small fraction of Rb is complexed. Nonetheless, the abil-
ity to isolate Myc:Max oligomers having specific DNA-
binding activity from cells, may provide a means of 
copurifying other factors that operate in conjunction 
with a Myc:Max nucleoprotein complex. 

Materials and methods 

Antibodies and immunogens 

GST-MaxC124 was constructed, purified, and used to generate 
a polyclonal rabbit antisera as described previously (Blackwood 
and Eisenman 1991). Affinity-purified antibodies to the 12 car-

boxy-terminal amino acids of human c-Myc (anti-Myc) have 
been characterized elsewhere (Hann and Eisenman 1984). 

Immunoprecipitations 

Cell lines were metabollically labeled for 30-60 min with ̂ ^S-
containing amino acids. Standard high-stringency immunopre-
cipitations were carried out as described previously (Luscher et 
al. 1989). Briefly, cells were lysed in Ab buffer [20 mM Tris-HCl 
(pH 7.4), 50 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.5% deoxy-
cholate, 0.5% SDS, 0.5% aprotinin], sonicated, clarified by cen-
trifugation, and subjected to immunoprecipitation with saturat-
ing amounts of antibody. Immunocomplexes were collected us-
ing protein A-Sepharose CL4B (Sigma). The resin was washed 
twice with RIPA buffer (10 mM Tris (pH 7.4), 150 mM NaCl, 1% 
NP-40, 1% deoxycholate, 0.1% SDS, 0.5% aprotinin], once with 
high salt buffer [2 M NaCl, 10 mM Tris (pH 7.4), 1% NP-40, 0.5% 
deoxycholate] and, finally, with RIPA buffer. 

To increase the specific activity of the Max polypeptides for 
low-stringency immunoprecipitations, cells were metabolically 
labeled for a minimum of 1 hr. All subsequent steps were per-
formed at 4°C to stabilize MyciMax complexes. Washed cells 
were lysed in PBS containing 1% NP-40 and a cocktail of pro-
tease and phosphatase inhibitors (0.2 mM phenylmethylsulfonyl 
fluoride, 0.7 ixg/ml of pepstatin, 0.5% aprotinin, 10 mM NaF, 50 
mM p-glycerophosphate). The lysate (1 x 10'' cells/ml) was son-
icated on ice and microcentrifuged to clarify. Cell equivalents 
(5 X 10̂ ) were immunoprecipitated with anti-Myc or anti-Max 
and collected on protein A-Sepharose beads. Low-stringency 
buffer was used to wash the precipitate four times. The nonim-
munoreactive component of the complex was dissociated with 
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0.5 ml of Ab buffer and reprecipitated under high-stringency 
conditions. 

All SDS-PAGE samples were resolved on 15% polyacryl-
amide gels under reducing conditions. 

Max polypeptides were immunoprecipitated from unlabeled 
cultures (3 x 10^ cells), resolved by SDS-PAGE, blotted to ni-
trocellulose, and reprobed with anti-Max and '^^I-labeled pro-
tein A. 

Peptide mapping 

For two-dimensional tryptic peptide analysis. Max proteins 
were immunoprecipitated either from radiolabeled cells or from 
in vitro-translated Max cDNA (Blackwood and Eisenman 1991). 
The precipitates were treated with alkaline phosphatase before 
gel purification and peptide mapping using published protocols 
(Luscher et al. 1989). 

Nuclear localization 

Indirect immunofluorescence staining was performed on fixed 
HeLa cells using methods described previously (Palmer and 
Margolis 1985). Briefly, cells were fixed with paraformaldehyde, 
permeabilized with Triton X-100, blocked with bovine serum 
albumin, and incubated with affinity-purified anti-Max or poly-
clonal anti-Myc sera. Fluorescein-conjugated goat anti-rabbit 
immunoglobulin was used as the secondary reagent. 

Protein stability assays 

For analysis of protein and complex stability, cells were pulse-
labeled with [^^S]methionine for 30 min, washed free of unme-
tabolized radiolabel, and chased in the presence of excess cold 
methionine (0.5 mM). At specified t ime points, lysates were pre-
pared in low-stringency buffer, immunoprecipitated under ei-
ther high- or low-stringency conditions, and analyzed by SDS-
PAGE. 

Gel-retaidation analysis of immunoprecipitated proteins 

Myc:Max complexes were isolated from K526 cells by low-
stringency immunoprecipitation using anti-Max serum. The 
immunoprecipitates were eluted from protein A-Sepharose by 
denaturation with 6 M Gu-HCl and renatured by exhaustive 
dialysis against 20 mM HEPES (pH 7.2), 25 mM KCl, 1 mM 
P-mercaptoethanol, 10% glycerol, and 0.01% NaNg. These 
preparations (2 x 10^ cell equivalents/|xl) were stored at - 80°C. 
To analyze the DNA-binding properties of the renatured mate-
rial, 10 |xl of the preparation was used in an electrophoretic gel 
mobility-shift assay with 0.2 ng of phosphorylated CM-1 or 
EMS oligonucleotide. Final conditions in the gel shift were 20 
mM HEPES (pH 7.2), 50 mM KCl, 1 mM EDTA, 3 mM MgCli, and 
10% glycerol. As nonspecific competitor, 150 ng of an unrelated 
single-stranded oligonucleotide was used in each reaction. Nu-
cleoprotein complexes were resolved by electrophoresis in a 4% 
acrylamide gel (1 x TBE). Affinity-purified antibodies were used 
to supershift the complexes as described previously (Blackwood 
and Eisenman 1991). 

Serum stimulation 

Quiescent A31 BALB/c-3T3 cells were serum stimulated as de-
scribed previously (Greenburg and Ziff 1984). [^H]TdR incorpo-
ration was measured in triplicate from 24-well plates as de-
scribed (Bowen-Pope and Ross 1982). Total RNA was extracted 
by the acid/guanidinium isothiocyanate/phenol/chloroform 
procedure (Chomcznski and Sacchi 1987). For Northern analy-
sis, 10 |xg of RNA was resolved by formaldehyde gel electropho-
resis, transferred to a nylon membrane, and hybridized with a 
560-bp Max probe. For analysis of steady-state protein levels. 

Cell cycle analysis 

An exponentially growing culture of K562 erythroleukemia 
cells was elutriated by counterflow centrifugation into 10 frac-
tions. Low-stringency lysates were prepared from 10'' cells, and 
anti-Myc or anti-Max was used to immunoprecipitate com-
plexes. Steady-state protein levels were determined by Western 
blotting and reprobing with anti-Myc, anti-Max, and ^^^I-la-
beled protein A. The DNA content of each enriched fraction 
was determined by FACS analysis of propidium iodide-stained 
cells 
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