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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

Cold Spring Harbor Laboratory, P.O. Box 100, Cold
Spring Harbor, NY 11724.

*To whom correspondence should be addressed.

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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Fig. 1. SRE mutants used in this report. The
sequence shown is the 22-bp serum response
element sequence, which is sufficient to restore
serum responsiveness to a truncated c-fos promot-
er (5, 11). Below the sequence is a summary of
methylation interference data for each of the
protein-DNA complexes known to form at the
serum response clement (9, 11, 16, 17). The dots
indicate guanosine residues (on either strand) at
which methylation interferes with protein bind-
ing. Above the sequence are the eight randomly
generated single nucleotide substitutions (sc-
quence of the upper strand) used in the experi-

ments in Fig. 2. The pm18 substitution was built
into a wild-type c-fos promoter to generate the
—356pm18 plasmid used in Fig. 3.

plex factor), does not bind directly to the
SRE, but instead recognizes the SRF-SRE
complex to form a ternary complex (17).
This ternary complex contains additional
protein-DNA contacts not observed for the
SRF-SRE complex (17) (Fig. 1), and in vivo
footprinting studies are consistent with the
presence of this ternary complex at the SRE
prior to and after serum stimulation (15).

To correlate binding of these proteins
with SRE function in vivo, we generated a
collection of mutants that carried nucleotide
substitutions in the 5’ flanking region of the
SRE (Fig. 1). Electrophoretic mobility shift
assays were carried out with probes gener-
ated from each mutant (18) (Fig. 2A). The
probes were labeled internally so that they
had comparable specific activities. The wild-
type probe formed both the SRF and the
SRF-p62T°F complexes (Fig. 2A, lane 1;
labeled B and A, respectively). In contrast,
each probe that carried a single substitution
in the three outer base pairs of the SRE
yielded an SRF complex that was similar in
strength to wild type, but that formed little
or no ternary complex. As a control, a probe
with a substitution in the fourth position of
the SRE was tested (pm22, Fig. 1). This
probe bound SRF with lower affinity, but
formed the ternary complex with high effi-
ciency (Fig. 2A, lane 9). Similar behavior
was observed for other mutants at this and
more internal positions (19).

In order to test the function of these
mutants in vivo, SRE-containing restriction
fragments were transferred to a truncated
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c-fos promoter fused to the bacterial CAT
gene. This promoter, which lacks an SRE, is
not inducible by serum, but insertion of a
wild-type SRE restores serum responsive-
ness (5). Each construct was transfected into
BALB/c 3T3 fibroblasts and tested for se-
rum inducibility (20). A construct that car-
ried a wild-type SRE was strongly inducible
by serum (Fig. 2B, lanes 1 and 2, T),
whereas one that carried a previously char-
acterized SRE mutant (pm12) (5, 16) was
not, although endogenous c-fos was induced
normally in these cultures (lanes 3 and 4, E).
Each construct that carried a substitution
that prevented ternary complex formation
was induced by serum at least as well as wild
type (lanes 5 to 18). Only the pm22 mutant,
which bound SRF poorly but still formed
the ternary complex, was significantly less
inducible than wild type (lanes 19 and 20).
These results suggest that ternary complex
formation is not required for serum respon-
siveness in BALB/c 3T3 cells.

To determine whether such a mutation
retained this phenotype when placed in its
natural sequence context, we mutated an
intact c-fos promoter to carry the pm18 (Fig.
1) mutation, a G to T transversion in the
second position (Fig. 1). Probes that
spanned the SRE (nucleotides at positions
—356 to —275 in the c-fos regulatory re-
gion) were prepared from the wild-type and
pm18 promoters and tested for their abili-
ties to form the ternary complex in vitro by
electrophoretic mobility shift assay. Both
probes bound p62°®F (complex C; Fig. 3A,
lanes 3 and 4) and SRF (complex B; Fig.
3A, lanes 5 and 6) at equivalent levels, but

Fig. 2. Binding properties in vitro and serum
responsiveness in vivo of the serum response
clement mutants. (A) Electrophoretic mobility
shift assay. Uniformly labeled DNA probes of
comparable specific activity were prepared from
cach of the mutants (Fig. 1). Electrophoretic
moblllty shift assays were Tgerformcd with hep-
and SRF. A, the

mon of the tcmary complex that contained
Egs th proteins; B, the complex that contained SRF
alone.(B) Transient expression assay. Each SRE
derivative, including wild type (WT) and a previ-
ously characterized mutant (pm12) (5, 16) that
binds none of the proteins, was transferred to a
truncated mouse c-fos promoter that carried sc-
quences from —151 to +109. The plasmids were
transiently transfected into duplicate cultures of
BALB/c 3T3 cells together with a human
a-globin internal control plasmid. After a 48-hour
incubation in medium that contained 0.5% calf
serum, one dish from each pair of duplicates was
fed fresh medium that contained 10% calf serum
(lanes marked +). The remaining dish irt each pair
was untreated (lanes marked —). All dishes were
harvested 45 min later. Cytoplasmic RNA was
isolated and assayed by RNase protection. T,
probe fragment protected by transcripts of the
transfected c-fos plasmid; E, probe fragment pro-

the pm18 mutant failed to form the ternary
complex (complex A; Fig. 3A, lanes 5 and
6). These promoters were then tested for in
vivo function (Fig. 3B). Both the wild-type
and mutant promoters retained responsive-
ness to serum (compare lanes 1 and 2 with 5
and 6), consistent with the conclusion that
ternary complex formation is not required
for serum stimulation. However, the pm18
mutant was dramatically impaired for re-
sponse to the phorbol ester, phorbol
myristate acetate (PMA) (lane 7) and re-
sponded at an intermediate level to purified,
recombinant c-Sis protein, a form of plate-
let-derived growth factor (PDGF) (lane 8).
This observation suggests that the ternary
complex is required for response to PMA
but not for other signals.

PMA is an activator of PKC, an important
mediator of growth factor signals (21). That
the ternary complex mutant responded
poorly to PMA treatment suggests that this
mutant failed to respond to PKC activation.
The residual response of the mutant of c-Sis
and serum suggests that the mutant retained
response to PKC-independent signals. To
test this idea, we removed PKC from cells by
chronic phorbol ester treatment (22) and
examined the response of the promoters to
PKC-independent signals. Under these con-
ditions, the wild-type and mutant promoters
behaved similarly, responding with the fol-
lowing hierarchies: serum > c¢-Sis > PMA
(Fig. 3C). Thus, both promoters remain
responsive to PKC-independent signals.
These results support the idea that ternary
complex formation is required for PKC-
dependent activation of c-fos, but not for

A
WT 141516 17 18 19 21 22
. - A
B = ¢
- -
123456789
B
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tected by endogenous c-fos mMRNA; a, probe protected by transcripts of the a-globin internal control

plasmid.
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PKC-independent activation. Thus, SRF,
alone or with unidentified accessory pro-
teins, is sufficient to respond to PKC-inde-
pendent signals, while p627“¥ confers PKC
responsiveness to SRF.

An intact SRE is required for the response
of the c-fos promoter to both PKC-depen-
dent and PKC-independent signals (5).
Here we show that these signals act on
overlapping targets. That is, a mutation in
the 5’ flanking region of the SRE abolished
response to PKC-dependent signals only.
This phenotype correlated with loss of ter-
nary complex formation at the SRE. A
previous study (17) showed that mutant
SRE’s that fail to form the ternary complex
lose response to serum. In our experiments,
serum response was retained. One explana-
ton for this discrepancy is differences in
second-messenger production in the cells
used. Thus, in our experiments serum-stim-
ulated c-fos transcription is activated largely
by PKC-independent pathways. Loss of re-
sponse to PKC had little effect on serum
induction. In other systems, however, serum
may act predominantly through the PKC
pathway. Loss of response to PKC would
then lead to significant loss of serum re-
sponse.

Our results raise a paradox. The recogni-
tion specificity of p62TF for the c-fos SRE
is quite stringent, because each of the seven
nucleotide substitutions in the outer three
positions of the SRE substantially reduced
ternary complex formation. Yet SRE’s in
other growth factor-regulated genes share
little sequence similarity in this region; only

Fig. 3. Binding proper- A

ties in vitro and induc- FI3
ibility in vivo of a c-fos NA F70 F75
S

promoter carrying a sin- T 18 WT 18 WT 18
e nucleotide substitu-
tion (pml8). (A) Elec-
trophoretic mobility
shift assay. Uniformly la- = T=
beled DNA probes con- -
tained c-fos promoter se-
Lod

quences from —356 to

—275 and were either
34 56

wild in sequence
(lanes marked WT) or
carried a single nucleo-
tide substitution (pm18)
(Fig. 1) (lanes marked
18). Assays were per- 12
formed with no added

- A
=B

-

the central core, which binds SRF, is con-
served (23). One possible explanation for
this paradox comes from studies of the yeast
MCM1 protein, which is related to SRF in
primary amino acid sequence and DNA
recognition specificity (24). MCM1 adopts a
different conformation depending on the
site to which it is bound (25). If this is true
for SRF, then SRF bound to different SRE’s
will display distinct surfaces to p62TF. Be-
cause p62"“F appears to require contacts
with both SRF and the SRE, changes in
SRF contacts are likely to be balanced by
changes in the DNA contacts required for
optimum p62T°F binding. Therefore, it
may not be valid simply to compare flanking
sequence of SRE’s in which the central
sequences differ. Some of these SRE’s may
not form the ternary complex and thus
would be responsive to a different spectrum
of signals. The existence of distinct classes of
SRE’s with different patterns of signal re-
sponsiveness could account in part for the
unique biological activities of different
growth factors. This is a striking example of
how flanking sequences can influence the
function of a transcription factor.

p62"“F may be viewed as an adapter that
allows SRF to respond to a new signal. Such
an adapter could function between SRF and
upstream signals, providing a physical target
for the PKC pathway, and, therefore, cou-
pling SRF to that pathway. p627F could be
a direct target for a covalent modification,
or, together with SRF, it could present a
surface for interaction of another protein
factor. Alternatively, p62T“F could function

B c
-356wt -356pmI8 =356 wt =356pmI8
T S . SrAg ) T g I xier s
qw%@ anso cung‘ﬁ anSo
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protein (lanes 1 and 2), with  heparin-agarose fraction (fraction 70) (16) that contained p62P5F (lanes

3 and 4), or with heparin-agarose fractions that contained p62T

and SRF (fractions 13 and 75,

respectively) (lanes 5 and 6). A, ternary complex; B, SRF complex; C, p62°5F complex. (B) Transient
expression assay of c-fos promoters treated with various inducers. BALB/c 3T3 cells were transfected
with wild-type (lanes 1 to 4) or pm18 (lanes 5 to 8) promoter plasmids and left untreated (lanes 1 and
5), or treated with fresh medium that contained 10% calf serum (lanes 2 and 6), phorbol myristate
acetate (Sigma) (50 ng/ml) (lanes 3 and 7), recombinant c-Sis protein (Amgen Biologicals) (40 ng/ml)

(lanes 4 and 8). Treatment was for 45 min. RNase protection assays were

rmed as in Fig. 2. (C)

Transient expression assays of wild-type and pm18 promoters in cells treated with phorbol dibutyrate.
BALB/c 3T3 cells were transfected and induced as described in (B), except that after transfection cells
were treated for 48 hours with phorbol dibutyrate (Sigma) (200 ng/ml).
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as a downstream adapter that bridges SRF
to the transcriptional machinery.

These data strengthen the parallels be-
tween nuclear signaling pathways in mam-
malian cells and in yeast (26). Several genes
from Saccharomyces cerevisiae that are in-
duced by mating pheromones carry a bind-
ing site for MCM1 (24). For the a-specific
STE3 gene, pheromone induction requires
a ternary complex of MCMI1 and the
MATal protein (27). This MCM1-MATal
complex is similar to the SRF-p62"F com-
plex in its structural and functional organi-
zation; MATal flanks an MCM dimer on
one side only and provides a signal-respon-
sive activation function to MCM1. In con-
trast, for the a-specific STE2 gene, phero-
mone induction requires interaction of
MCM1 with a different protein, STE12,
bound to a nearby site (28). These two
target architectures in yeast may be analo-
gous to the two distinct signal-responsive
targets at the c-fos SRE. We suggest, there-
fore, that p627°F may be functionally relat-
ed to MATal.
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Association of B Cell Antigen Receptor with
Protein Tyrosine Kinase Lyn

Yuj1 YAMANASHI, TERUTAKA KAKIUCHI, JUNICHIRO MIZUGUCHI,
TapasHI YAMAMOTO,* KuMaO ToyosHIMAT

Antigen is thought to cross-link membrane-bound immunoglobulins (Igs) of B cells,
causing proliferation and differentiation or the inhibition of growth. Protein tyrosine
kinases are probably involved in signal transduction for cell proliferation and differ-
entiation. The Src-like protein tyrosine kinase Lyn is expressed preferentially in B cells.
The Lyn protein and its kinase activity could be coimmunoprecipitated with IgM from
detergent lysates. Cross-linking of membrane-bound IgM induced a rapid increase in
tyrosine phosphorylation of at least ten distinct proteins of B cells. Thus, Lyn is
physically associated with membrane-bound IgM, and is suggested to participate in

antigen-mediated signal transduction.

CELLS HAVE MEMBRANE-BOUND
B immunoglobulins (mlgs) on their

surface, which are receptors for spe-
cific antigens. Cross-linking of the mlgs of
resting B cells by antigens or antibodies to
Ig generally activates B cells to enter the G,
phase of the cell cycle, in which they become
susceptible to proliferative signals provided
by helper T cells (1, 2). Cross-linking can
also cause B cell tolerance, by inhibiting
growth of immature and mature B cells (3).
These responses are preceded by phosphati-
dylinositol (PI) turnover, activation of pro-
tein kinase C, and Ca®* mobilization (2, 4,
5), which are apparently dependent on the
function of GTP-binding proteins (G pro-
teins) (6). Because B cell antigen receptors
have few cytoplasmic amino acids (7), mlgs
might be associated with other signal trans-
ducing molecules. mIgM and mIgD associ-
ate with at least three sets of polypeptide
chains at the plasma membrane (8). How-
ever, the molecular mechanisms by which
the mlgs transmit signals intracellularly have
not yet been elucidated, partly because no
catalytic molecules associated with mlgs are
identified.

Protein tyrosine kinases probably partici-
pate in signal transduction systems that con-
trol cell proliferation and differentiation (9,
10). Protein tyrosine kinases can be divided
into receptor-type kinases and nonreceptor-
type kinases (or Src-like kinases). The Src-
like kinases are generally associated with the
internal portion of the plasma membrane
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and have no extracellular or transmembrane
sequences (10). Thus, Src-like kinases may
act as signal transducers in association with
surface receptors that lack an intracellular
catalytic domain. The T lymphocyte—specific
Sre-like kinase p56/“* is physically and func-
tionally associated with the T cell surface
antigens CD4 and CD8 (11). Possible in-
volvement of protein tyrosine kinases in B
cell activation is suggested by the observa-
tion that antibody to CD45, a membrane-
bound phosphotyrosine phosphatase, inhib-
its anti-IgM—induced proliferation of B cells
(12, 13). The lyn gene product is an Lck-like
protein tyrosine kinase that is preferentially
expressed in B cells, but not T cells (14, 15).
Our present study with antibodies to Lyn
suggests that the Lyn protein is physically
associated with mIgM in B cells and func-
tions in mIgM-mediated signaling.

WEHI-231 cells are murine B cell line
that carry mIgM (5, 16). These B cells
behave as normal B cells in terms of initial
biochemical events such as PI turnover and
Ca®" mobilization after mIgM cross-linking
(5). This suggests that these cells possess a
proper signal transduction system for early
responses to mIgM cross-linking. To deter-
mine if the Lyn protein is physically associ-
ated with mIgM, we examined immunopre-
cipitates of IgM from detergent (digitonin)
lysates of WEHI-231" cells by immunoblot-
ting with antibodies to Lyn (anti-Lyn),
which were affinity-purified from antiserum
(15) (Fig. 1A). Both forms of Lyn, p56'"
and p53"" (17), were coimmunoprecipi-
tated with IgM, but not with the class I nor
class II major histocompatibility complex
(MHC) molecules. No Lyn protein was
detected in anti-IgM immunoprecipitates
from digitonin lysates of A-20 cells, which
do not express mIgM. Faint and broad
bands detected in each precipitate were from
the antibody solutions used for the immu-
noprecipitation (18). These data support the
conclusion that the Lyn protein is physically
associated with mIgM in B cells.
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