furic acid. This may in part derive from the
substantially higher pK, (acidic constant) of
perchloric acid (—10) relative to sulfate
(=2).

In summary, we observed a complete
adsorption and desorption cycle for a metal
onto another metal surface with atomic res-
olution. In the Cu on Au(111) system, the
electrolyte plays a major role in determining
the structure of the upd monolayer, a result
that can be explained by the degree of charge
transfer between coadsorbed Cu and electro-
lyte. The atomic resolution obtained on
close-packed metal surfaces in electrolyte
with the AFM makes it a valuable technique
in studying other electrochemical processes
in situ.
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Methylation-Sensitive Sequence-Specific DNA
Binding by the c-Myc Basic Region

GEORGE C. PRENDERGAST AND EDWARD B. ZIFF

The function of the c-Myc oncoprotein and its role in cell growth control is unclear. A
basic region of c-Myc is structurally related to the basic motifs of helix-loop-helix
(HLH) and leucine zipper proteins, which provide sequence-specific DNA binding
function. The c-Myc basic region was tested for its ability to bind DNA by attaching
it to the HLH dimerization interface of the E12 enhancer binding factor. Dimers of
the chimeric protein, termed E6, specifically bound an E box element (GGCCACGT-
GACC) recognized by other HLH proteins in a manner dependent on the integrity of
the c-Myc basic motif. Methylation of the core CpG in the E box recognition site
specifically inhibited binding by E6, but not by two other HLH proteins. Expression
of E6 (but not an E6 DNA binding mutant) suppressed the ability of c-myc to
cooperate with H-ras in a rat embryo fibroblast transformation assay, suggesting that
the DNA recognition specificity of E6 is related to that of c-Myc in vivo.

HE BASIC REGIONS IMMEDIATELY
NH,-terminal to the oligomeriza-
tion domains in HLH and leucine
zipper proteins specifically recognize DNA
with high affinity when assembled into func-
tional dimers (1-8). c-Myc, a nuclear protein
with unknown function, has a region rich in
basic amino acids adjacent to a HLH do-
main (1), suggesting that it is a sequence-
specific DNA binding protein. We sought to
determine the DNA sequence recognized by
the c-Myc basic region. To present the
c-Myc basic region to DNA in a dimeric
form, we constructed a chimeric protein that
contained the dimerization interface of E12,
an enhancer binding protein (2). The chi-
meric protein, termed E6, is a NH,- and
COOH-terminal truncated form of E12 (9),
which exchanged the c-Myc basic motif for
the corresponding E12 sequence (Fig. 1).
Similarity between the basic motifs of
c-Myc and the putative HLH protein tran-
scription factor E-3 (TFE-3) suggested that
they might recognize similar DNA sequence
elements (10). Therefore, a gel mobility shift
assay was used to monitor binding of the E6
protein to 3?P-labeled oligonucleotide
probes that contained either the wE3 E box
site from the immunoglobulin heavy chain
enhancer or the upstream stimulatory factor

Howard Hughes Medical Institute, Department of Bio-
chemistry, and Kaplan Cancer Center, New York Uni-
versity Medical School, New York, NY 10016.

(USF) E box site from the adenovirus major
late promoter, both of which are recognized
by TFE-3 (10). We used TFE-3 as a positive
control for binding. No complex was ob-
served upon incubation of E6 with the pE3
E box probe (E,g;); however, a strong
complex was observed with the USF E box
oligonucleotide probe (Eysg), whose for-
mation was competed by unlabeled cognate
oligonucleotide (Fig. 2A). We find that, as
expected, neither intact E12 nor a truncated
form of E12 that corresponded to the part
of the protein found in the E6 construct
bound the E, ;3 or Eygp oligonucleotide
probes (11).

To show that E6 bound E ¢ as a dimer
through the c-Myc basic motifs, additional
constructs were tested (Fig. 1). Gel fraction-
ation of complexes formed between Eyjgg
and cotranslation products of E6 and E6A,
[a ~10-kilodalton protein that lacked 184
amino acids of the E6 NH,-terminus]
showed complexes of intermediate mobility
relative to E6 or E6A alone (11). The ap-
pearance of intermediate mobility bands is
consistent with the formation of E6-E6A
dimers. In order to determine whether the
integrity of the c-Myc basic motif was re-
quired for Eygp binding, the E6mutN,
E6mutB2Q, and E6mutR mutants were
generated (Fig. 1). Equivalent amounts of
protein, as judged by SDS—polyacrylamide
gel quantitation, were tested for binding to
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Eysk by an electrophoretic gel mobility shift
assay. The results indicated that the former
alterations reduced complex formation by
50 to 80%, while the mutR mutation elim-
inated binding completely (Fig. 2B). Assays
with other E box oligonucleotide probes
indicated that the mutN and mutB2Q con-
structs did not have relaxed specificity for
DNA binding (11). These data indicate that
sequences in the c-Myc basic motif deter-
mine the DNA binding capability and spec-
ificity of the E6 chimera.

To examine the ability of the c-Myc
HLH-leucine zipper motifs to functionally
oligomerize and to determine the effects of
the c-Myc NH,-terminus on DNA binding
by the E6 c-Myc basic motif, the EMy/y,
and M\E6 constructs were generated and
examined by an electrophoretic gel mobility
assay. EMp ;5 exchanges the c-Myc HLH-
zipper for the E12 HLH; M E6 exchanges
the c-Myc NH,-terminus for that of E12,
retaining the E12 HLH for oligomerization
(Fig. 1). Under conditions in which E6
readily binds, we observed that EMg/yz,
MyES, and full-length human c-Myc pro-
tein all failed to interact with Ey;gg (11). The
ability of ME6 to dimerize was shown by
its ability to be coprecipitated with antisera
to MyoD (anti-MyoD) after cotranslation of
MyoD and MyE6 proteins in vitro (11).
This raises the possibility that the c-Myc
NH,-terminus may regulate the ability of
the c-Myc basic motif to contact DNA with-
out affecting protein oligomerization (al-
though it is also conceivable that the MyE6
protein folds abnormally in a manner that
hinders DNA binding but not protein oli-
gomerization). Consistent with the inability
of EMg 31, and c-Myc to bind E g, we did
not observe c-Myc homooligomers in these
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extracts, as detected cither by glutaraldehyde
crosslinking or immunoprecipitation (11).
To define the requirements for Ey¢x rec-
ognition by E6, a set of heterologous E box
and E,gg-related oligonucleotides that con-
tained dinucleotide mutations in the flank-
ing and core regions of the CANNTG ele-

‘ment was synthesized and used with E6 in

gel mobility shift assays (Fig. 3A). Compar-
ison of E6 with TFE-3 and USF binding
activity (12) revealed that the c-Myc basic
motif showed a more restricted repertoire of
DNA binding sequences than did TFE-3
and USF. When added in ~100-fold molar
excess, neither heterologous E box oligonu-
cleotides nor Ey;g¢ oligonucleotides mutat-
ed at the palindromic flanks and CANNTG
core region competed as well as wild-type
Eysg for binding of E6 (Fig. 3B). In con-
trast, binding by TFE-3 and USF was inhib-
ited by a variety of these mutants, indicating
that TFE-3 and USF are less strict in their
sequence requirements for USF E box rec-
ognition (Fig. 3B). The core CACGTG of
the USF E box is apparently necessary but
not sufficient for binding by the c-Myc basic
motif, as several other oligonucleotides that
contained this sequence but lacked the USF
E box flanking residues were not bound by
E6 (11). Taken together, we conclude that
the sequence GGCCACGTGACC is recog-
nized by the c-Myc basic motif, as presented
in dimers of the E6 chimeric protein.

The observation that E6 recognized a
binding site that contained a CpG dinucle-
otide, which in mammalian DNA often con-
tains 5-methylcytosine, prompted us to hy-
pothesize that a USF E box element that
contained 5-methylcytosine at one or both
sites of the CACGTG core might affect
binding of the c-Myc basic motf. Both

Construct

Name

] E12R

E6

E6A
EMz
M E6

HLmyc1/0

Fig. 1. Construction and expres-
sion of chimeric proteins. (A) E12—
c-Myc chimeric constructs (25).
(B) SDS—polyacrylamide gel elec-
trophoretlc analysis of 33S-labeled

chimeric proteins expressed in rab-
bit reticulocyte lysates (26).

No RNA

TFE-3
+  No RNA
+  E6mutN
+ EBmutB2Q
. EBmutR

+ E6

Eier
G, o

R

Fig. 2. c-Myc basic dent binding of
E6 dimers to a USF E box oligonucleotide. (A)
The ability of E6 and TFE-3 to bind to the Eyg
oligonucleotide was by an electrophoret-
ic mobility shift assay (27). (B) Effects of muta-
tions in the c-Myc basic motif of E6. The
E6mutN mutant exchanges a glutammc residue

for an asparagine residue that is perfectly con-
served among all Myc proteins. E6mutB2Q in-

corporates glutamine in place of an argininc that
is conserved at this position in the basic motifs of
virtually all HLH proteins. The E6mutR mutant
substitutes a valine for an arginine that is con-
served in several HLH proteins that bind Eygg.
Binding of E6, E6mutN, E6mutB2Q, and
E6mutR was analyzed as above.

hemimethylated (Eyspmea and Euspme.s)
and fully methylated (Eysgme-an) Eusr oli-
gonucleotides competed poorly for E6 bind-
ing. By comparison, methylated oligonucle-
otides were identical to unmethylated
oligonucleotides in competing for TFE-3
and USF binding activity (Fig. 3B). A titra-
tion of competing Eyspmec.an Oligonucleo-
tide for binding of TFE-3 and E6 to the
Eysg probe illustrated the effect of methyl-
ation on the binding specificity of E6 for
DNA (Fig. 3C). We conclude that the
c-Myc basic motif is specific for unmethy-
lated Ey;sf sites and contacts the core CpG
of Eysg- The CpG dinucleotide contact
point, which is critical for recognition of
Eysg by the c-Myc basic motif, is relatively
rare in mammalian DNA and is a target for
modification by cellular DNA methylase ac-
tivity (13). Our observations suggest possi-
ble connections between c-Myc function
and the effects of DNA methylation on gene
expression and cellular differentiation (13,
14), if complexes that contain c-Myc recog-
nize this site in vivo. DNA hypomethylation
is correlated with expression of many genes,
perhaps by allowing access to regulatory
transactivators (13). Changes in DNA meth-
ylation are correlated with cellular differen-
tiation in many systems in vitro and hypo-
methylation is a common step in the
progression to neoplasia in vivo (15, 16). It
will ‘be important to test the premise that
sites available for c-Myc binding in vivo
could be controlled by DNA methylation,
thereby regulating the ability of c-Myc to
function at certain loci that regulate gene
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expression (17) and cellular differentiation
(18).

To examine the possibility that the DNA
recognition specificity of E6 reflects that of
the c-Myc protein in vivo, we determined
whether E6 could suppress the ability of
c-Myc to transform rat embryo fibroblasts
(REFs) when co-expressed with a mutant
H-ras oncogene (19). If E6 was capable of
recognizing DNA sites in vivo that were
necessary for c-Myc to transform REFs, one
would predict that E6 would act in a dom-
inant negative fashion to suppress the for-
mation of REF foci by c-myc plus H-ras. In
addition, E6 should have no effect on REF
focus formation by adenovirus Ela plus
H-ras (20). The results of this experiment

(Table 1) show that E6 reduced the number
of transformed foci several times when in-
cluded with c-myc plus H-ras, but did not
affect the ability of Ela to cooperate with
H-ras. We find that expression of E6mutR,
the mutant that failed to bind DNA (Fig.
2B), had no effect when included in trans-
fections with either Ela or c-myc plus H-ras.
Thus, E6 can specifically inhibit c-Myc func-
tion in ras cotransformation assays in a
manner that correlates with the ability of E6
to recognize DNA.

These data are consistent with the inter-
pretation that the DNA recognition speci-
ficity of E6 reflects that of the c-Myc protein
in the oligomeric form in which it exists in
vivo. One can rule out two other interpre-

Table 1. Rat embryo fibroblast (REF) transformation assay. Second Glgassagc REF cultures were

transfected with the following

plasmids and scored for foci two weeks

er transfection (23). pT22,

mutant human H-ras¥*'2 (19); LTR-Hmyc, normal human c-myc under the control of the Moloney

murine retroviral LTR enhancer-promoter (24);

plA, genomic adenovirus type 5 DNA encoding

the EIA region (24); CMV E6 and CMV E6mutR, the E6 and EémutR E12—c-Myc chimeras
under the control of the human cytomegulovirus enhancer-promoter.

Transfected DNA Number of REF foci/plate
Experiment number: 1 2 3 4

Mock transfected 0 0 0 —
pT22 1 0 0 —
LTR-Hmyc 0 0 0 —
CMV E6 0 0 0 —
CMV E6mutR — 0 0 —
LTR-Hmyc + pT22 17 13 15 —
LTR-Hmyc + pT22 + CMV E6 2 1 4 4
LTR-Hmyc + pT22 + CMV E6mutR — 12 17 23
plA — — 0 0
plA + pT22 — — 13 15
plA + pT22 + CMV E6 — — 12 15
plA + pT22 + CMV E6mutR — — 16 18
A Eysr oligonucleotides B % g %’ % g; % § ;‘ g
USF * 1cAGGCEACGTGACCGGGTGTTCCTGA Olgonuckotde , o o E 2EE uE EEEEEEEE < £2¢
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Other E box oligonucleotides

HE3 TCTGGTEATGTHGCAAGGCTATTTGGG
HE2 CTGCAGLAGCTHGCAGGAAGCAGGTCAT
MCK GATCCCCCCAACACCTECTGCCTGA

3 = - -

Eﬁ-—_

Fig. 3. Competition for USF, TFE-3, and E6 complex formation by various oligonucleotides. (A)
Sequences of mutated or methylated oligonucleotides used for competitions in electrophoretic mobility
shift assays. 5-Methylcytosine, 5-meC; cytosine, C. (B) Competition for binding by USF, TFE-3, and
E6 to the Eyge oligonucleotide (28). (C) Competition by increasing amounts of Eygsp.mean
oligonucleotide for binding of TFE-3 and E6 to the Eyg;: oligonucleotide (29). The following amounts
of unlabeled methylated competitor were included per lane (~0.5 ng of probe was present in the

competition): 0, 1, 2, 4, 8, 16, 32, 64 ng.
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tations. First, it is unlikely that E6 inhibits
transformation by complexing directly with
the c-Myc protein because E12 cannot in-
teract with c-Myc (2, 11). Second, “squelch-.
ing” of c-Myc function by any potential
E12-derived transcriptional activation do-
mains in E6 can be ruled out because
E6mutR has no effect on c-Myc transforma-
tion. One cannot rule out the possibility that -
E6 activates an endogenous gene that indi-
rectly suppresses c-Myc function, but not
Ela function in the H-ras cotransformation
assay. However, this and other interpreta-
tions are clearly more complex than that
suggested above. To assess the ability of
intact c-Myc protein to bind specifically to
DNA, it will be necessary to identify c-Myc
dimerization partners or post-translational
modifications that enable c-Myc to act in
such a manner. At relatively high concentra-
tions, homo-oligomeric interactions have
been observed with bacterially produced
c-Myc (21). Indeed, at similar concentra-
tions bacterially expressed glutathione-S-
transferase fusion protein that contains the
¢-Myc COOH-terminus binds specifically to
the same CACGTG core sequence reported
here (22). It is possible that a c-Myc homo-
or heterooligomer recognizes a somewhat
different sequence than that presented here.
However, the observation that E6 can sup-
press the ability for c-Myc to cooperate with
mutant H-ras in REF transformation assays
suggests that in vivo sites required for c-Myc
transformation will resemble the USF E box
site.
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Distinct Protein Targets for Signals Acting at the
c-fos Serum Response Element

REGINA GRAHAM AND MICHAEL GILMAN*

The c-fos serum response element (SRE) is a primary nuclear target for intracellular
signal transduction pathways triggered by growth factors. It is the target for both
protein kinase C (PKC)—dependent and —independent signals. Function of the SRE
requires binding of a cellular protein, termed serum response factor (SRF). A second

protein, p627<F

, recognizes the SRE-SRF complex to form a ternary complex. A

mutated SRE that bound SRF but failed to form the ternary complex selectively lost
response to PKC activators, but retained response to PKC-independent signals. Thus,
two different signaling pathways act through discrete nuclear targets at the SRE. At
least one of these pathways functions by recruitment of a pathway-specific accessory
factor (p627CF). These results offer a molecular mechanism to account for the
biological specificity of signals that appear to act through common DNA sequence

elements.

EGULATION OF CELLULAR PROLIF-
eration and differentiation is coor-
dinated by extracellular signals. The
receptors that transduce these signals share
common structures and enzymatic activities,
and activate common intracellular signal
transduction systems. Yet growth factors act
with a remarkable degree of specificity—
they trigger unique responses in a given cell
and, sometimes, different responses in dif-
ferent cells. Ultimately, this specificity must
reside in the genome, because these respons-
es are driven by changes in cellular gene
expression.
The c-fos proto-oncogene is a primary
genomic target for extracellular signals (7).
Many of these signals act through a small
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regulatory element that flanks the c-fos gene,
the serum response element (SRE) (2). The
SRE is the site of action for at least two
distinct signal transduction pathways—one
that involves the activation of protein kinase
C (PKC) and another that transmits signals
by a PKC-independent mechanism (3-8).
For the SRE to function, binding of a
cellular protein termed serum response fac-
tor (SRF) is required (9-14). Yet the precise
function of SRF in signal transduction is not
clear, because there is no change in the
properties of SRF isolated from stimulated
cells. Indeed, the SRE remains constitutive-
ly bound by protein in cells regardless of the
transcriptional state of the gene (15).

Two additional proteins bind to the SRE
in vitro. One protein, p62”®* (for direct
binding factor) binds directly and asymmet-
rically to the 5’ side of the SRE (16). A
second protein, p62T“F (for ternary com-
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