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Casein kinase II inhibits the DNA-binding
activity of Max homodimers but not

Myc/Max heterodimers

Steven J. Berberich and Michael D. Cole

Department of Molecular Biology, Lewis Thomas Laboratory, Princeton University, Princeton, New Jersey 08544-1014

Max is a heterodimeric partner of the Myc oncoprotein with sequence-specific DNA-binding activity. We
found that the DNA-binding activity of bacterially expressed Max homodimers was inhibited in an
ATP-dependent reaction by phosphorylation in vitro with purified bovine casein kinase II (CKII). In contrast,
phosphorylation of Max and/or Myc by CKII had no inhibitory or stimulatory effect on the DNA-binding
activity of Myc/Max heterodimers. By deletion analysis and site-directed mutagenesis, the inhibitory domain
was localized to a CKII phosphorylation site in the amino terminus of Max. Finally, extracts prepared from
NIH-3T3 cell lines that overexpress Max contained a phosphorylated Max protein which, following
phosphatase treatment or heterodimerization with Myc, was capable of sequence-specific DNA-binding
activity. Imnmunoprecipitation experiments confirmed that Max was also phosphorylated in NIH-3T3 cells,
demonstrating that Max phosphorylation may have an important physiological function.
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The c-myc oncogene is frequently activated by different
mechanisms in diverse types of cancers, including lym-
phomas, neuroblastomas, and small cell lung carcino-
mas (for review, see Cole 1986; Liischer and Eisenman
1990). Transfection of activated c-myc genes demon-
strates that c-Myc protein promotes tumor formation
and controls cellular proliferation and differentiation.
The ¢c-Myc protein has recently been shown to function
as a sequence-specific DNA-binding protein that re-
quires dimerization with a second, related protein called
Max (Blackwood and Eisenman 1991; Prendergast et al.
1991). Max, like c-Mygc, contains adjacent basic {b)/he-
lix-loop-helix (HLH)/leucine repeat (LR} structures
{Landschulz et al. 1988; Murre et al. 1989) that are also
present in transcription factors such as TFE3 (Beckmann
et al. 1990}, AP-4 {(Hu et al. 1990), and upstream stimu-
lating factor {USF) (Gregor et al. 1990). Presumably, the
Myc/Max heterodimer binds to and trans-activates a set
of cellular target genes that participate in the different
biological processes.

Myc and Max share significant homology within the
DNA-binding and protein dimerization domains. An op-
timized binding site for Myc has been determined {(GAC-
CACGTGGTC), but this site also binds well to USF/
major late transcription factor (MLTF) (Halazonetis and
Kandil 1991). Furthermore, the Max protein itself can
homodimerize and bind with high affinity to the same
sequence (Berberich et al. 1992). Thus, the recognition of
specific cellular promoters by the Myc/Max heterodimer

could potentially be competed by USF, TFE3, or Max
homodimers. It is therefore important to understand the
precise promoter recognition requirements and the rela-
tive stoichiometry of each complex, as well as any po-
tential regulation of DNA-binding activity/specificity.
In contrast to the b/HLH/LR domains, the remaining
regions of Myc and Max show no homology, and the
proteins are quite different in size and regulation. Max is
a relatively small protein (160 amino acids) that has an
extremely long half-life {S. Berberich, unpubl.}, in con-
trast to Myc, which is larger (439 amino acids) and has a
very short half-life (20 min) (Hann et al. 1984). The
amino-terminal half of the Myc protein can trans-acti-
vate transcription when fused to the GAL4 DNA-bind-
ing domain (Kato et al. 1990), but no data are available
for Max, which has only a small carboxy-terminal do-
main besides that implicated in DNA binding. Also, un-
like Myc, Max can homodimerize efficiently and bind to
the same DNA sequence as the Myc/Max heterodimer
(Berberich et al. 1992). Thus, in quiescent cells where
Max is expressed in the absence of Myc, the question
arises as to potential independent functions for Max ho-
modimers versus Myc/Max heterodimers. We have be-
gun to study the relative contribution of the two proteins
to target gene activation, as well as the stoichiometry of
the two proteins in normal and myc-transformed cells.
To develop a substrate for assays of the different do-
mains of the Max and Myc proteins, we initally focused
on determining the optimal binding site of the Myc/Max
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heterodimer and Max homodimer. Although we were
able to demonstrate specific DNA binding with bacteri-
ally expressed proteins, we were unable to detect DNA
binding with in vitro-translated Max protein (S. Berber-
ich, unpubl.}, consistent with one recent report (Black-
wood and Eisenman 1991). Another study demonstrated
only very limited DNA-binding activity of Max (Pren-
dergast et al. 1991). The disparity between bacterially
expressed and in vitro-translated protein suggested that a
modification of Max could eliminate the DNA-binding
activity of Max homodimers. Given several recent stud-
ies in which phosphorylation of transcription factors
plays a direct role in their DNA-binding capabilities
(Sorger and Pelham 1988; Yamamoto et al. 1988; Liischer
et al. 1990; Manak et al. 1990; Boyle et al. 1991; Kapiloff
et al. 1991) and the probability that Max, like c-Myc, was
a phosphoprotein, we explored the role of phosphoryla-
tion on Max and Myc/Max DNA-binding activity. Here,
we report that the DNA-binding capability of Max ho-
modimers is reduced sharply by casein kinase II {CKII)
phosphorylation, but Myc/Max heterodimer binding is
unaffected. Moreover, we have identified phosphorylated
Max proteins in NIH-3T3 cell lines that demonstrate
DNA-binding activity only after phosphatase treatment
or by protein dimerization with Myc. These results sug-
gest that phosphorylation of Max has an important phys-
iological role in modulating or eliminating any potential
competition for Myc/Max target genes by Max ho-
modimers.
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CKII inhibits Max DNA-binding activity

Results

DNA-binding activity of bacterially expressed Max
and Myc proteins

To study the DNA-binding activity of both homo- and
heterodimers of murine Myc and Max proteins, we have
employed an oligo-histidine vector system (Abate et al.
1990) to express different forms of each protein in large
amounts. We produced both full-length Max and the
amino-terminal 110 amino acids [Max(n110)], as well as
soluble truncated forms of murine ¢c-Myc as either the
carboxy-terminal 249 [Myc(c249)}- or 118 [Myc(cl18)]-
amino-acid proteins (Fig. 1A). Electrophoretic mobility-
shift assays {EMSAs), using these bacterially expressed
proteins with a previously determined high-affinity
DNA-binding site (MMC) (Berberich et al. 1992), dem-
onstrated that Max can both heterodimerize with Myc
{Fig. 1B, lanes 5,6) and also homodimerize (Fig. 1B, lanes
1-3). The exchange between Myc and Max, or between
different forms of Max, was dependent on a preincuba-
tion for 10 min at 30-37°C or on corenaturation (S. Ber-
berich, unpubl.). In contrast to the results obtained with
bacterial Max, we were unable to demonstrate DNA-
binding activity with Max protein synthesized by in
vitro translation in reticulocyte lysate (RL), consistent
with results from other laboratories. We were interested
in determining the cause of this dramatic difference in
the activity of proteins produced by the different tech-
niques.
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Figure 1. Diagram and specific DNA-binding activity of Max and c-Myc proteins. (A) A diagram of Max (top) and Myc (bottom)
proteins, showing the positions of the b/HLH/LR motifs. [b) Basic amino acid region, solid box; (HLH), helix—loop-helix region,
stippled box; (LR) leucine repeat region, crosshatched box. CKII phosphorylation sites are indicated [CKII{P)); an acidic domain in Max
is shown as a lined box. The proteins produced in bacteria for the experiments in this study are shown by solid lines as Max (160 amino
acids, 21 kD), Max{n110) (110 amino acids, 18 kD), Myc(c249) {249 amino acids, 29 kD), and Myc(c118) {118 amino acids, 18 kD). All
proteins produced in vitro contain an amino-terminal histidine fusion. (B) EMSAs were performed using the high-affinity binding site
for Myc/Max and Max dimers (MMC, GACCACGTGGTC) with the following bacterially expressed proteins: {Lane 1) 100 ng of Max;
(lane 2) 100 ng of Max + 50 ng of Max(n110); (lane 3) 50 ng of Max(n110); (lane 4) 400 ng of Myc|c249); (lane 5) 100 ng of Max + 400
ng of Myc(c249); (lane 6) 50 ng of Max(n110} + 400 ng of Myc(c249). Conditions for protein exchange and band shift are described in

Materials and methods.

GENES & DEVELOPMENT 167


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

Downloaded from genesdev.cshlp.org on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

Berberich and Cole

We initially tested whether RL contained an activity
that was inhibitory to DNA binding by incubating bac-
terial Max and/or Myc proteins in RL and assaying for
binding to a high-affinity probe by EMSA. The DNA-
binding activity of Max was completely eliminated after
10 min incubation in RL, whereas the DNA-binding ac-
tivity of Myc/Max heterodimers was resistant to this
inhibitory activity (data not shown). Thus, we began to
explore the role of phosphorylation on Myc and Max
DNA binding. On the basis of previous reports that (1)
CKII phosphorylation could enhance (Manak et al. 1990)
or inhibit (Liischer et al. 1990) the DNA-binding activity
of DNA-binding proteins, {2) potential CKII sites are
present in both Myc and Max (Fig. 1A; Lischer et al.
1989}, and (3) endogenous CKII activity exists within
rabbit reticulocyte lysates (Hathaway and Traugh 1979),
we reasoned that CKII activity might be modulating the
binding activity of Max.

CKII inhibits Max DNA-binding activity

First, we tested whether the bacterially expressed Max
and Myc proteins could be phosphorylated in vitro with
bovine CKII (a gift of D. Marshak, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY). The proteins were
incubated with CKII and [y**PJATP and then analyzed
on an SDS—polyacrylamide gel (Fig. 2}. CKII was able to
phosphorylate each of the proteins, consistent with the
presence of consensus recognition sites for the enzyme.
On the basis of Western blot experiments with myc an-
tisera (data not shown), the lower bands in Myc(c249)
represent truncated forms of Myc protein devoid of
DNA-binding activity (Fig. 1B, lanes 4-6).

The effects of CKII phosphorylation on the DNA-bind-
ing activity of Max and Myc/Max proteins were analyzed
by EMSA. Max, Max{n110), and Myc(c249} proteins were
incubated individually with bovine CKII enzyme in the
presence of 100 mmM ATP {+P) or AMP-PNP for 30 min
at 30°C and then used in EMSA reactions (Fig. 3). As was
the case in reticulocyte lysates, phosphorylated Max
dimers were unable to bind to the high-affinity Max
DNA-binding site (cf. lanes 1 and 2). The inhibition of
DNA-binding activity was reversible by phosphatase
treatment (not shown). It was also possible to assay the
DNA-binding activity of homodimers in which only
one-half of the dimer was phosphorylated. Incubation of
full-length and truncated forms of Max allows the reso-
lution of two different homodimeric complexes as well
as an intermediate mobility complex with subunits of
different sizes. The full-length Max protein was phos-
phorylated and then allowed to exchange with unphos-
phorylated Max(n110) {which lacks the carboxy-terminal
50 amino acids and one set of CKII sites; Fig. 1A). As
before, no DNA binding was observed for full-length
Max homodimers, but the unphosphorylated truncated
Max(n110) bound DNA well (cf. lanes 3,4). Furthermore,
there was a 20-fold reduction in DNA-binding activity in
Max homodimers where only one of the two proteins are
phosphorylated {intermediate complex in lanes 3 and 4).
Thus, phosphorylation of only one of the two Max sub-
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Figure 2. Purified CKII can phosphorylate bacterially ex-
pressed Max and Myc proteins in vitro. One to two picomoles of
bacterially expressed Myc(c249) (lane 1), Max ({lane 2, or
Max(n110) (lane 3) was incubated in a 30-ul reaction {50 mm
Tris-Cl at pH 8.5,100 mM NaCl, 10 mm MgCl,) with 15 pCi of
[y-*2P]ATP and 100 mM ATP for 30 min at 30°C. The reactions
were terminated by adding SDS—sample buffer. Phosphorylated
proteins were resolved on a 12.5% SDS-polyacrylamide gel and
autoradiographed. Lower bands in Myc{c249) represent carboxy-
terminal truncated forms of Myc protein devoid of DNA-bind-
ing activity that arise in our bacterial expression system with
this particular construct. Because the protein is isolated by
means of an amino-terminal 6xHis, the amino terminus should
be intact in all of the proteins. These truncated proteins would
not be expected to bind DNA or dimerize with Max, because
mutagenesis has shown that disruption of the Myc leucine zip-
per inactivates the protein (Stone et al. 1987) and this domain
would be lost in the carboxy-terminal truncations.

units was sufficient to inhibit DNA-binding activity of
the homodimer. Inhibition of Max homodimer-binding
activity was reversible by phosphatase treatment (data
not shown).

Very different results were obtained when phosphory-
lated Max protein was dimerized with Myc(c249). Myc
protein itself has little DNA-binding activity {Fig. 3,
lanes 13,14) but binds efficiently when dimerized with
Max (lane 6). The DNA-binding activity of the heterodi-
mer was equivalent when complexes were formed with
either unphosphorylated (lane 6) or phosphorylated (lane
5) Max protein. We note that the migration of the het-
erodimer is altered by Max phosphorylation, with the
modified complex migrating reproducibly faster. The
quantitative shift in this migration rate is consistent
with complete modification of the Max protein. Thus,
even though phosphorylation of only one-half of a Max
homodimer eliminates most DNA-binding activity {lane
3), the same modified protein binds DNA well when
dimerized with Myc.

To begin a preliminary localization of the phosphory-
lation sites responsible for the inhibition of Max DNA-
binding activity, the activity of phosphorylated
Max(n110) was monitored {lanes 7-12). As noted above,
Max(n110) lacks a cluster of CKII sites near the carboxyl
terminus of Max protein (Blackwood and Eisenman
1991). As with full-length Max, the truncated Max{n110)
was devoid of DNA-binding activity when phosphory-
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lated by CKII (cf. lanes 7 and 8). When mixed with un-
phosphorylated Max, the pattern obtained was consis-
tent with dramatically reduced DNA-binding activity for
any Max/Max complex that contained a single phospho-
rylated protein (cf. lanes 9 and 10). These results imply
that the phosphorylation of one or a combination of the
remaining three CKII phosphorylation sites amino-ter-
minal to the basic region functions to inhibit Max DNA-
binding activity in vitro {see Fig. 8A, below). Finally, as
with full-length Max, Max(n110) is capable of binding
DNA as a Myc/Max heterodimer, irrespective of its
phosphorylation state (lanes 11,12). The Myc protein
also contains CKII sites adjacent to the basic region that
are known to be phosphorylated in vivo and can be phos-
phorylated in vitro by purified enzyme (Liischer et al.
1989). In contrast to Max, phosphorylation of Myc(c249)
to completion did not effect the DNA-binding activity of
Myc/Max heterodimers (Fig. 3, lanes 15-18) or the weak
binding activity of Myc homodimers (lanes 13,14). We

22 23 24

CKII inhibits Max DNA-binding activity

Figure 3. CKII phosphorylation of Max protein in-
hibits DNA binding of Max homodimers but not
c-Myc-containing dimers. EMSAs were performed
using bacterially expressed proteins that were incu-
bated with bovine CKII in the presence of ATP or
AMP-PNP (Materials and methods). The proteins
were combined in band-shift assays that contained 5
mm AMP-PNP and the MMC probe. {Top) The
DNA-binding activities of in vitro CKII-phosphory-
lated Max (left) or Max(n110) (right) were compared
with those of unphosphorylated forms. (Bottom left)
DNA-binding activity of phosphorylated Myc(c249)
was compared with unphosphorylated Myc(c249).
{Bottom right) The DNA-binding activity of fully
phosphorylated Max and Myc/Max heterodimers
was compared with unphosphorylated forms. Exper-
iments with Max protein employed 50-100 ng/lane,
and Myc protein was added in fourfold molar excess.
In lanes 17, 18, and 20, approximately twofold more
Max protein was included.

believe that CKII phosphorylation was complete from
the migration rate of phosphorylated Myc/Max het-
erodimers. This complex migrated slightly slower in re-
actions containing phosphorylated Myc protein {lanes
15,17) compared with complexes formed with unphos-
phorylated Myc (lanes 16,18}, suggesting that the popu-
lation of Myc proteins was completely phosphorylated in
these reactions. A similar shift was evident in the weak
binding activity of Myc homodimers (lanes 13,14).

In the final EMSA panel, dimers were completely
phosphorylated (lanes 19,21,23) or unphosphorylated
(lanes 20,22,24) and then allowed to exchange before the
DNA-binding activity was analyzed. Again, Max dimers
lacked discernible DNA-binding activity, whereas Myc/
Max heterodimers showed no loss of DNA-binding ac-
tivity. Therefore, phosphorylation of a single Max sub-
unit is sufficient to inhibit the DNA-binding capacity of
the Max homodimer, but fully phosphorylated Myc/Max
heterodimers retained complete DNA-binding activity.
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A potential explanation for the loss of DNA-binding
activity with Max homodimers is that phosphorylation
inhibited dimer formation. To test that hypothesis,
phosphorylated and unphosphorylated Max proteins
were subjected to glutaraldehyde protein cross-linking to
determine the amount of Max homodimers {Fig. 4). Max
protein (phosphorylated or unphosphorylated) was incu-
bated with increasing concentrations of glutaraldehyde
and analyzed by SDS-PAGE. Equivalent amounts of
cross-linked homodimer (Fig. 4, complex >43 kD) were
formed with phosphorylated and unphosphorylated Max.
Therefore, we conclude that phosphorylation of Max
does not inhibit homodimer formation but, instead, af-
fects DNA binding alone.

In an attempt to determine the CKII phosphorylation
site that inhibited Max homodimer DNA-binding activ-
ity, we used site-directed mutagenesis to convert the
serine at amino acid 11 to an alanine (see Fig. 8A, below).
We reasoned that this site was most likely involved in
the inhibitory effect, because it was the optimal CKII
site of the three potential CKII sites present amino-ter-
minal to the basic domain (D. Marshak, pers. comm.).
Max, Max(Al11), and Myc(c249} were phosphorylated in-
dividually, as described above, and analyzed by EMSA for
DNA-binding ability using the MMC probe. As shown in
Figure 5, phosphorylated Max homodimers are incapable
of binding to the high-affinity DNA-binding site,
whereas phosphorylated Myc{c249)/Max heterodimers
bind as avidly as unphosphorylated heterodimers do (Fig.
5, cf. lanes 1 and 2 with 5 and 6). In striking contrast,
phosphorylated Max(A11} bound to the MMC probe with

Max Max-P

percentage
glutaraldehyde

IX'\

- 43 kD

- 29 kD

s -.

Figure 4. Glutaraldehyde cross-linking of Max homodimers.
Glutaraldehyde cross-linking of Max homodimers was per-
formed as described in Materials and methods. Briefly, 200 ng of
Max protein, treated previously with CKII + ATP (phosphory-
lated) or CKIl + AMP-PNP [unphosphorylated), was incubated
with 0%, 0.001%, 0.005%, or 0.025% glutaraldehyde for 30 min
at 30°C. Cross-linking reactions were inactivated with SDS—
sample buffer. Proteins were analyzed on a 12.5% SDS-poly-
acrylamide, transferred to nitrocellulose, and probed with the
Max polyclonal antisera. The amount of cross-linked Max ho-
modimers (>43 kD) appears to increase at an equivalent rate
with Max (lanes 1-4) and phosphorylated Max (lanes 5-8, MaxP)
as the percentage of glutaraldehyde was increased. Uncross-
linked Max protein runs below the 29-kD marker.
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Figure 5. Site-directed mutagenesis of serine 11 reverses inhi-
bition of DNA binding of phosphorylated Max homodimers.
EMSAs were performed as described in Fig. 3. Proteins were
allowed to dimerize for 10 min at 37°C before the addition of the
MMC probe. The shift in migration of the phosphorylated
Max(A1l) homodimer and Myc/Max heterodimer complexes
relative to unphosphorylated complexes is consistent with
complete phosphorylation of the bacterially expressed proteins.

an affinity equivalent to that of the unphosphorylated
form (lanes 3,4). Furthermore, mutation of S11 had no
effect on Myc(c249)/Max DNA binding, and the activity
of the residual Max(A11) homodimers was retained in
the reactions (lanes 7,8). Therefore, we conclude that the
conversion of serine 11 to an alanine identifies one of the
sites of CKII phosphorylation through which Max ho-
modimer DNA-binding activity was inhibited.

Max is phosphorylated in NIH-3T3 cell lines

To determine whether the modulation of Max DNA-
binding activity by phosphorylation was important
within the cell, we initally analyzed two NIH-3T3 cell
lines that overexpress Max protein. The two cell lines
(MaxD, MMB) were derived from NIH-3T3 cell lines that
were stably transfected with cytomegalovirus (CMV)-
max, and CMV-max and CMV-myc expression vectors,
respectively. Both MaxD and MMB cells overexpress
Max protein ~5- to 10-fold over NIH-3T3 cells, on the
basis of both Northern and immunoprecipitation analy-
sis (data not shown).

When nuclear extracts were prepared from these cell
lines and tested by EMSA with the high-affinity binding
site for Max and Myc/Max dimers, no unique DNA-
protein complex was detected that contained either Max
or Myc/Max proteins (Fig. 6, lanes 2,8; Fig. 7A, lane 1).
The shifted complexes that are observed (labeled a) are
probably the result of endogenous USF/MLTF protein. In
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light of the results on Max phosphorylation, we decided
to assay the DNA-binding activity after phosphatase
treatment. In both cell lines, a fast-migrating DNA—pro-
tein complex (b) appears in phosphatase-treated extracts
(Fig. 6, lanes 1,9), and this complex is disrupted with
Max polyclonal antibodies (lanes 5,13) but not with pre-
immune sera (lanes 3,11) or Myc polyclonal antibodies
(lanes 7,15). The heterogeneity of the DN A—protein com-
plex in MaxD extracts when compared with MMB ex-
tracts is the result of incomplete dephosphorylation of
MaxD reactions. Because the migration of complex b is
comparable to that of Max homodimers formed in vitro,
we assume that the complex detected in the nuclear ex-
tracts is also a homodimer. Thus, Max protein exists in
a non-DNA-binding form in nuclear extracts, but DNA
binding can be activated by phosphatase. We presume
that the protein exists as an inactive homodimer in un-
treated extracts, but this remains unclear without direct
analysis of dimerization.

We note that no Myc/Max heterodimeric complex can
be resolved in normal or phosphatase-treated extracts,
which would be evident as a complex disrupted by both
Myc and Max antiserum (Fig. 6). The myc polyclonal
antisera are capable of disrupting bacterially expressed
Myc proteins in Myc/Max heterodimers (S. Berberich,
unpubl.), suggesting that it is possible to identify Myc
DNA-binding complexes within these extracts. On the
basis of the phosphorylation results discussed above,
such a complex should be active in DNA binding even in
the absence of phosphatase. We are uncertain as to why
such a complex is not visible; this could be the result of
poor solubilization from nuclei, masking by other com-
plexes, or instability of the heterodimer.

We then wished to determine whether the DNA-bind-
ing activity of the Max protein in nuclear extracts could
be unmasked by forming heterodimers using bacterially
expressed Myc protein in the absence of phosphatase
treatment, as demonstrated in vitro. Myc(c249) was
added to the extracts, which were then incubated at 37°C

CKII inhibits Max DNA-binding activity

to promote dimer exchange and analyzed by EMSA (Fig.
7A). The apparent Max homodimer complex in potato
acid phosphatase (PAP)-treated extracts (complex d) was
quantitatively converted to a more slowly migrating
form (complex b), consistent with the migration of
Myc{c249)/Max dimers identified in vitro (Fig. 3). More
importantly, a novel complex (c) was observed in ex-
tracts incubated with Myc(c249) alone; this complex is
not observed with Myc(c249) protein itself (Fig. 3, lane
14). The formation of this complex is consistent with it
being a heterodimer between the endogenous, phospho-
rylated Max protein and the added Myc({c249}, which was
confirmed by immunoprecipitation (data not shown).
The migration of complex c is significantly faster than
that of the heterodimer in phosphatase-treated extracts
(complex b). This difference is probably the result of the
multiple phosphorlyation sites on Max protein modified
within the cell, which is consistent with the faster mi-
gration of complexes formed with phosphorylated Max
protein in vitro (Fig. 3). Thus, as demonstrated in vitro,
the DNA-binding activity of phosphorylated Max pro-
tein produced within cells is unmasked by dimerization
with Myc.

Finally, we wished to address the phosphorylation
state of Max in normal NIH-3T3 cells. Using unfraction-
ated nuclear extracts, it was necessary to employ the
overexpressing cell lines because the level of endogenous
Max protein was extremely low. To circumvent this
problem, Max protein was isolated from NIH-3T3 cells
by a low-stringency immunoprecipitation with Max
polyclonal antiserum and analyzed by EMSA (Fig. 7B).
No Max DNA-binding complex was detected when the
renatured immunoprecipitated protein was assayed for
DNA-binding activity with the MMC probe {Fig. 7B, lane
1}). However, when «Max immunoprecipitates were al-
lowed to dimerize with either Myc(c249) (lane 2] or
Myc(c118) {lane 3), heterodimer complexes were evident
that were not present in reactions containing only the
bacterially expressed Myc proteins (lanes 5,6). These re-

b—— maxD 4 MMB {
Pre. Iimm + + + +
«Max + 0+ + o+
aMyc + o+ + o+
PAP + + + + + + + +
1 2 3 4 5 6 7T 8 9 10 11 12 13 14 15 Figure 6. Max protein overexpressed in NIH-

3T3 cell lines is phosphorylated and devoid of
DNA-binding activity. Nuclear extracts from ei-
ther MaxD (left) or MMB (right) cell lines were
incubated in gel-binding buffer +1.5 ug of potato
acid phosphatase (PAP) for 15 min at 37°C. Band-
shift reactions were performed as described in
Materials and methods. Antisera against Max
(aMax, rabbit polyclonal serum), Myc (aMyc,
rabbit polyclonal serum), or preimmune serum
(Pre. Imm, rabbit preimmune serum) were added
to the reactions as indicated. (a) The position of
endogenous USF/MLTF; (b) the Max-related
band.
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Figure 7. Myc{c249) can heterodimerize with

in vivo-phosphorylated Max protein. (A)
EMSAs were performed using MaxD nuclear
extracts preincubated for 10 min at 37°C either
alone (lane 1) or with 1.5 pg of PAP (lane 2), 600

ng of Myc(c249) {lane 3), and 1.5 pg PAP + 600

ng of Myc(c249) (lane 4), followed by the addi-

tion of 10° cpm of the MMC probe. The migra- A
tion of different complexes is indicated: (@) Myc(c249)
DNA-binding activity of Myc(c249) ho-
modimers; {b) DNA-binding activity of PAP
Myc(c249) + unphosphorylated Max protein;

(c) DNA-binding activity of Myc(c249) + phos-
phorylated Max protein; (d) DNA-binding ac-
tivity of unphosphorylated Max protein. (B)
EMSAs were performed using immunoprecipi-
tated Max protein from NIH-3T3 cells (Materi-

als and methods) preincubated for 10 min at
37°C alone (lane 1), with 600 ng of Myc(c249)
(lane 2), or 100 ng of Myc(c118) {lane 3), fol-
lowed by the addition of 10° cpm of MMC
probe. The arrows indicate the positions of
Myc/Max heterodimers. Lanes 5 and é contain
Myc(c249) and Myc(c118) in the absence of im-
munoprecipitated Max protein. The slow-mov-

ing band in lanes 2 and 5 is excess Myc{c249)
homodimer.

sults suggest that the Max protein in dividing NIH-3T3
cells is similar to that in the overexpressing cell lines
and lacks DNA-binding activity except when het-
erodimerized with Myc.

Discussion

Considerable evidence suggests that protein phosphory-
lation/dephosphorylation has a key regulatory role in the
cell cycle, transcription, and signal transduction {Ya-
mamoto et al. 1988; Boulton et al. 1991; Boyle et al.
1991). For transcription factors, phosphorylation has
been shown to modulate either the trans-activating abil-
ity or DNA-binding activity of proteins that participate
in a number of regulatory pathways. We show here that
the Myc and Max proteins are also subject to phospho-
rylation that has a major effect on their DNA-binding
activities. The exact function of CKII phosphorylation of
these factors requires further mutational analysis, but
two basic models for the role of Max modification can be
envisioned. In the simplest case, the phosphorylation of
Max may serve as a constant dampening mechanism to
reduce or eliminate the DNA-binding activity of Max
homodimers within the cell. The need for this may arise
from the nature of the Myc protein itself, which has
minimal dimerizing and DNA-binding activity in the ab-
sence of a heterodimeric partner. Because Myc is induced
by growth factors and required for progression though
the cell cycle, a Myc partner must be available at these
times for function. Myc dimerization with Max or some
similar partner is almost certainly required because mu-

172 GENES & DEVELOPMENT

B Max IP | Buffer

Myc(c249) s +

Myc(c118) + +
1 2 4 5

tations that disrupt the Myc HLH or LR are inactive in
all assays of function to date (Stone et al. 1987, Freytag et
al. 1990; Smith et al. 1990). A partner must either be
coregulated with Myc or expressed constitutively, and
the latter appears to be the case for Max because it is not
regulated by serum growth factors or elevated in myc-
induced tumors (Berberich et al. 1992). The consequence
of this requirement for a partner is that if Max can dimer-
ize and bind DNA itself, it may potentially compete
with the Myc/Max heterodimer in target gene recogni-
tion. The suppression of Max DNA-binding activity by
phosphorylation eliminates this complication, allowing
a pool of Max protein to exist in the cell in a compara-
tively benign form, yet remain available for complex for-
mation with Myc. One question that is critical in under-
standing the relative contributions of different dimeric
forms is the relative stoichiometry of Myc and Max pro-
teins, which is presently under investigation.

To demonstrate that the phosphorylation of Max was
physiologically important, it was necessary to use ex-
tracts prepared from cell lines that overexpress Max to
monitor binding. It could be argued that the inactivation
of Max in these lines was an altered phosphorylation
pattern specific to these lines that enabled them to com-
pensate for the abnormally high level of Max protein
present. The Max immunoprecipitation results with
NIH-3T3 cells suggest that this is not the case and that
Max is also phosphorylated in normal cells. It is impor-
tant to point out that none of the data in this study
address the question of which phosphorylation sites
within native Max protein are responsible for the inhi-
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bition of DNA binding, nor have we shown that CKII
phosphorylates serine 11 in vitro. We are currently map-
ping the sites of phosphorylation for Max protein and
analyzing the activity of mutant proteins.

Interestingly, many features of the Myc/Max paradigm
parallel the more thoroughly studied transcription fac-
tors Fos/Jun. For example, only one partner is induced
and cannot homodimerize (fos, myc), whereas the other
partner is relatively constitutive and can homodimerize
(jun, max). In addition, the DNA-binding activity of Jun
can also be down-regulated by phosphorylation, and the
modification site is remarkably similar in its location
adjacent to the basic region as the CKII sites in Max,
although a GSK-3-related enzyme may be responsible for
Jun phosphorylation (Boyle et al. 1991). This similarity
suggests an alternate model to that discussed above in
which the phosphorylation of Max and, hence, DNA-
binding activity, is regulated at specific stages of the cell
cycle. In its unphosphorylated state, Max dimers could
bind to the same promoters that are regulated by Myc/
Max heterodimers and induce some different response
such as repression (Fig. 8). Preliminary CAT assay results
using a concatamerized high-affinity DNA-binding site
suggest that Max may exist transiently in an unphospho-
rylated homodimer capable of binding to and repressing
Myc/Max target genes (S. Berberich, unpubl.).

On the basis of the in vitro phosphorylation data and
the presence of consensus sites, we presume that the
enzyme responsible for Max protein phosphorylation in
vivo is CKII. CKII is a ubiquitous kinase that has been
shown to be localized to both the nucleus and cytoplasm

A A

Max ’

CKII inhibits Max DNA-binding activity

(Hathaway and Traugh 1979) and to phosphorylate serine
and threonine residues positioned within clusters of
acidic residues (Edelman et al. 1987). Potential in vivo
CKII sites have also been identified in Myc and Myb
oncoproteins and the E7 viral protein (Firzlaff et al. 1989;
Lischer et al. 1989, 1990). CKII activity has been re-
ported to be induced by mitogenic stimulation in several
systems (Sommercorn et al. 1987; Karlund and Czech
1988; Ackerman and Osheroff 1989; Carroll and Mar-
shak 1989), but this stimulation is relatively small (1.5-
to 6-fold) and no concordant enhancement in the phos-
phorylation of a cellular substrate has been reported. On
the other hand, the subcellular localization of CKII has
recently been shown to differ though the cell cycle; in
particular, the enzyme migrates out of the nucleus in S
phase (Gauthier-Rouviere et al. 1991; Yu et al. 1991).
This might suggest a model whereby Max DNA-binding
activity that is present in quiescent cells is diminished
following mitogenic stimulation by both CKII phospho-
rylation of Max and induction of Myc protein, and/or
elevated in S phase when CKII activity in the nucleus is
reduced and phosphatase PP2A activity rises (Fig. 8B;
Cohen 1988). We are presently exploring the potential
regulation of Max phosphorylation in vivo.

The structural basis for the inhibition of DNA-binding
activity by phosphorylation is intriguing. Although Max
is a relatively small protein, three potential CKII sites
exist amino-terminal to the basic region and a cluster
(five) of sites exist within an acidic domain carboxy-ter-
minal to the LR (Fig. 1A). Because the carboxy-terminal
deletion Max(n110) is still inhibited by phosphorylation,

MSDDDIEVE8DEEQPRFQSAADKRAHHNALERKRRDHIKDSFHSLRDSV-PSLQGEKASRAQILDKATEYI
1

Myc

|Basic Region| a-Helix I | Loop | oa-Helix II|
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Figure 8. A model for the role of Max CKII phosphorylation in gene expression in vivo. {A] A comparison of the amino acid sequence
and CKII sites adjacent to the DNA-binding domains of Max and c-Myc proteins. The shadowed serines represent potential sites of
CKII phosphorylation; the A1l mutation is indicated. (B) A model for the sequential regulation of target genes through phosphory-
lation. In quiescent cells, Max protein is elevated relative to Myc protein levels so that unphosphorylated Max dimers would bind to
the Myc/Max DNA-binding site {DBS} and could function to repress Myc target genes. Phosphorylated Max protein would be inactive.
In proliferating cells where Myc protein levels are elevated and CKII activity is high (see Discussion); only phosphorylated Myc/Max
complexes would be capable of binding to the Myc/Max DBS and thereby lead to the trans-activation of Myc-regulated target genes.
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we conclude that the carboxy-terminal CKII sites do not
function to inhibit DNA-binding activity of Max ho-
modimers. Using site-directed mutagenesis, we demon-
strated that the phosphorylation of serine 11 likely in-
hibits DNA binding of Max homodimers (Fig. 5). How-
ever, we cannot exclude the possibility that multiple
sites of phosphorylation are necessary to inhibit DNA
binding, and elimination of only one of these blocks the
effect. Inhibition by the phosphate group might occur by
charge repulsion of the DNA molecule, by the phosphate
folding in such a way that it neutralizes one of the es-
sential basic residues, or by inducing a change in protein
configuration that prevents DNA binding. It is interest-
ing that two alternate forms of Max have been found that
differ in precisely the domain phosphorylated by CKII
(Blackwood and Eisenman 1991). It will be important to
test whether both forms of Max are subject to inhibition
by CKII but retain DNA binding when dimerized with
Myec. It is intriguing to note a parallel between the in-
hibitory CKII sites in Max and a protein domain of the
E12 form of the E2A gene that inhibits the DNA-binding
activity of E12 homodimers, but not heterodimers with
MyoD (Sun and Baltimore 1991). Domains such as these
may be a general feature of transcription factors that can
dimerize with different partners.

Why is the Myc/Max heterodimer not affected by
phosphorylation, especially because Myc contains a CKII
site immediately upstream of the basic amino acid re-
gion at nearly the same location as the middle CKII site
of Max (Figs 1A and 8A)? This CKII site proximal to the
basic region in Myc is efficiently phosphorylated in vitro
and modified in ~50% of the Myc protein isolated from
cells (Liischer et al. 1989). Most of the studies described
here were performed with a fragment of Myc protein
[Myc(c249)} that has an additional cluster of CKII sites
(amino acids 245-260), but a truncated protein
[Myc(c118)], which retains only the basic region CKII
site, still binds DNA when dimerized with phosphory-
lated Max (Fig. 7 and data not shown) and can be phos-
phorylated to the same specific activity as the truncated
Max protein in vitro (data not shown). Although phos-
phorylation of Myc does not apparently affect DNA-
binding activity in the assays described here, this site is
likely to serve an important function as it is conserved in
all Myc family genes throughout evolution, including
N-myc, L-myc, and sea urchin myc genes (P. Espenshade
and M.D. Cole, in prep.). Furthermore, the avian retro-
viruses MC29 and MH2 have mutations within or near
this site that might decrease recognition by CKII (Kan et
al. 1983; Watson et al. 1983), and phosphopeptide map-
ping of mutant MC29 viruses that displayed an altered
transformation phenotype all contained deletions of this
major phosphorylation site (Bister et al. 1987). Thus, the
presence of a phosphate group adjacent to the basic re-
gion of both Myc and Max may function to alter the
activity of the complex in vivo, perhaps by recognizing
slightly different DNA sequences or having an altered
affinity that is not distinguished by our in vitro assays.

We believe that Max phosphorylation may function to
regulate the in vivo DNA-binding activity of Max ho-
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modimers in a manner similar to Myb and serum re-
sponse factor (SRF), two transcription factors in which
CKII phosphorylation in vivo modulates DNA-binding
capacity (Liischer et al. 1989; Manak et al. 1990). The
modulation in DNA-binding activity afforded by the
phosphorylation of Max appears to be even greater {>40-
fold) than for these other factors. A detailed analysis of
the biological activity of mutant Max and Myc proteins
that lack CKII sites adjacent to their DNA-binding do-
mains should help to resolve the function of these sites
and provide some insight into the general role of tran-
scription factor phosphorylation.

Materials and methods
Bacterial expression of Max and Myc proteins

Max protein was produced in Escherichia coli by cloning the
entire open reading frame from the max ¢cDNA into a BamHI
{blunted)-HindIll pDS56{6xHis) vector. The resulting max
clone {His—Max) was sequenced to confirm the proper reading
frame. Recombinant Max protein was produced using a nickel-
chelate affinity column as described (Abate et al. 1990).
Max(n110) was constructed by a Pstl digestion of the His—Max
clone, deleting the carboxy-terminal 50 amino acids. Max(A11)
was created using the Kunkel method of site-directed mutagen-
esis (Sambrook et al. 1989) of pKSMax, converting serine 11
(AGC] to an alanine (GCC). Max(A11) was constructed by poly-
merase chain reaction (PCR) amplification of the DNA frag-
ment encoding the amino-teriminal 136 amino acids, followed
by ligation of the fragment into a HindIII-blunted pDS56(6xHis)
vector. Myc[cl18) and Myc(c249) were produced using the
pDS56{6xHis) vector and by introducing a BamHI linker into
the Pvull site at amino acid 323 of a murine c-myc cDNA
[Myc(c118)} or Pstl site at amino acid 182 [Myc(c249)] and clon-
ing into pDS56(6xHis). The resulting proteins contain 118 and
249 carboxy-terminal amino acids of ¢-Myc, respectively, and
were expressed and purified using nickel-chelate affinity col-
umns. Max and Myc polyclonal anitbodies were prepared from
rabbits injected with either purified His-Max or the 392 car-
boxy-terminal amino acids of murine c-Myc proteins. Preim-
mune serum was derived from the rabbit used for Max antibody
production. The Max antiserum has the following specificity: It
will precipitate Max, but not Myc, from in vitro translations
and cell lysates; it disrupts EMSA assays with bacterial Max
protein, and with cellular Max protein, as shown in the present
study; and it does not disrupt other DNA—protein complexes
such as USF, as shown by the lack of any change in the EMSA
pattern with nuclear extracts (Fig. 6). The Myc antiserum has
analogous specificity, and it disrupts the complex between bac-
terial Myc and Max (not shown).

Electrophoretic band shifts

Between 35 and 600 ng of bacterially expressed proteins (prein-
cubated for 10 min at 37°C to promote the exchange of dimer
subunits) was incubated for 15 min at room temperature in a
20-pl binding buffer (10 mM Tris-Cl, at pH 7.5, 50 mm NaCl, 5
mM MgCl,, 1 mm EDTA, 1 mMm DTT) containing 1 pg of poly
[d{I-C]] and 0.2-0.5 ng of 3*P-labeled MMC probe. The sequence
of this probe was GATCCTGACCACGTGGTCTTACGGATC,
which has been shown to be an optimal binding site for Myc
homodimers (Halazonetis and Kandil 1991), Max homodimers,
and Myc/Max heterodimers (Berberich et al. 1992). After incu-
bation, the mixture was loaded onto a 4% polyacrylamide gel
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and run at room temperature in 0.25x TBE (1 x TBE = 90mm
Tris-borate, 2 mm EDTAal pH 8.0} until the free DNA had
reached the bottom of the gel.

CKII reactions

Bacterially expressed proteins were incubated with CKII in a
30-pl reaction (50 mm Tris-Cl at pH 8.5, 100 mm NaCl, 10 mm
MgCl,) with 15 pCi of [y->*P]ATP, 100 mm ATP, for 30 min at
30°C. The reactions were terminated by adding SDS-sample
buffer. Phosphorylated proteins that had incorporated ATP label
were resolved on a 12.5% SDS—polyacrylamide gel and autora-
diographed. EMSAs were performed using bacterially expressed
proteins that were incubated with bovine CKII in the presence
of ATP or AMP-PNP (except that [y-32P]ATP was omitted and
reactions were terminated by the addition of AMP-PNP). The
proteins were assayed in band-shift reactions that included 5
mM AMP-PNP. CKII enzyme was purified from bovine liver as
described previously (Yu et al. 1991).

Glutaraldehyde cross-linking reactions

Bacterially expressed Max proteins were incubated with CKII in
the presence of 3 mm ATP (MaxP) or 3 mm AMP-PNP as de-
scribed above. Approximately 200 ng of Max or MaxP was in-
cubated with increasing concentrations of glutaraldehyde (0%,
0.001%, 0.005%), 0.025%) in a 25-pl reaction containing 25 mm
HEPES (pH 7.5}, 50 mm KCI, 1 mM EDTA, and 8% glycerol for
30 min at 30°C. Reactions were terminated by adding SDS—
sample buffer, and boiling for 5 min, and proteins were resolved
on a 12.5% SDS—polyacrylamide gel. Max protein was visual-
ized by Western transfer and subsequent probing with strepta-
vidin-conjugated Max polyclonal antibody.

Overexpression of Max in NIH-3T3 cells

NIH-3T3 cells were transfected with a Max cDNA expression
vector (CMV-max; full-length murine max cDNA linked to the
CMYV promoter) or cotransfected with Max and Myc expression
vectors (CMV-max and CMV-myec, full-length cDNA murine
c-myc gene). MaxD and MMB represent two stable transfected
cell lines that overexpress Max 5- to 10-fold, based on RNA and
protein levels. MMB also overexpresses Myc RNA approxi-
mately fourfold.

EMSA with nuclear extracts

Nuclear extracts were prepared using the standard Dignam
method {Dignam et al. 1983). Up to 2 pl of extract was used in
a 20-p! binding reaction. Extracts were phosphatased by the
addition of 1.5 pg of PAP per reaction (Boehringer Mannheim)
and incubated at 37°C before the addition of probe and antibody.
EMSA reactions that included Myc(c249} were preincubated for
an additional 10 min (37°C) following phosphatase treatment
before the addition of probe.

Immunopreciptation of Max from NIH-3T3 cells

Approximately 10® NIH-3T3 cells were washed in PBS and lysed
in 1 ml of 50 mMm Tris-Cl (pH 7.5), 150 mm NaCl, 1 pg/ml of
aprotinin, 100 pg/ml of PMSF, and 1% NP-40 for 30 min at 4°C.
The resulting supernatant was immunoprecipitated with 1.25
ng of IgG-purified Max polyclonal antibody. The antibody was
recovered using protein A-Sepharose, washed three times with
PBS, and denatured from the recovered Max protein by resus-
pending the beads in 300 pl of 6 M guanidine-HCI, 20 mm Tris-

CKII inhibits Max DNA-binding activity

Cl (pH 7.9), 100 mm KCl, 0.2 mm EDTA, 0.05% NP-40, 0.5 mm
DTT, 0.5 mm PMSF, and 20% glycerol. The protein was rena-
tured by dialysis in 25 mm NaHPQ,, 2.5 mMm DTT, and 5%
glycerol. Up to 10 pl of renatured protein was used in an EMSA
assay.
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Casein kinase Il inhibits the DNA-binding activity of Max homodimers
but not Myc/Max heterodimers.
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