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TGF-B and activin induce the phosphorylation and acti-
vation of Smad2 and Smad3, but how these proteins
stimulate gene transcription is poorly understood. We
report that TGF-B receptor phosphorylation of Smad3
promotes its interaction with the paralogous coactiva-
tors CBP and p300, whereas CBP/p300 binding to non-
phosphorylated Smad3 or its oligomerization partner
Smad4 is negatively regulated by Smad-intramolecular
interactions. Furthermore, p300 and TGF-B receptor-
phosphorylated Smad3 synergistically augment tran-
scriptional activation. Thus, CBP/p300 are important
components of activin/ TGF- signaling and may medi-
ate the antioncogenic functions of Smad2 and Smad4.

Received April 22, 1998; revised version accepted June 16,
1998.

Initiation of gene transcription by RNA polymerase Il is
dependent on general initiation and specific transcrip-
tion factors (Roeder 1996). Although general initiation
factors such as the TATA-box binding protein are in
close proximity to the polymerase holoenzyme and me-
diate basal gene activity, efficient gene transcription re-
quires the binding of (activated) specific transcription
factors to DNA promoter/enhancer elements. Specific
transcription factors may establish contacts with the
basal transcription machinery on their own but often
need bridging coactivators such as CBP (CREB binding
protein) and p300.

The paralogous proteins CBP and p300 were originally
identified as interaction partners for the cAMP response
element binding protein (CREB) and the adenoviral E1A
protein, respectively (Chrivia et al. 1993; Eckner et al.
1994). Subsequently, a variety of different DNA-binding
transcription factors and coactivators have been shown
to rely on CBP/p300 for their function in vivo and in in
vitro transcription assays (Janknecht and Hunter 1996;
Nakajima et al. 1997; Shikama et al. 1997). In addition,
CBP/p300 were identified as histone acetyltransferases,
suggesting that they potentiate transcription by acetyla-
tion-dependent loosening of the chromatin structure
(Bannister and Kouzarides 1996; Ogryzko et al. 1996).
However, CBP/p300 can also acetylate and thereby en-
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hance the DNA-binding activity of the tumor suppressor
p53 (Gu and Roeder 1997), indicating that acetylation of
specific transcription factors could contribute to the
mechanism of coactivation by CBP/p300.

In humans, loss of one CBP allele apparently causes
Rubinstein-Taybi syndrome, which is characterized by
abnormal pattern formation and mental retardation
(Petrij et al. 1995). This phenotype was partially repro-
duced in hemizygous CBP*/~ mice, whereas homozy-
gous CBP™/~ as well as p300~/~ mice are not viable
(Tanaka et al. 1997; Yao et al. 1998). These data suggest
that CBPand p300 are limiting cofactors within the cell.
Accordingly, competition for CBP/p300 can explain the
phenomenon of squelching—the interference of tran-
scription factor activity by other factors not binding to
the same gene promoter (Janknecht and Hunter 1996;
Kamei et al. 1996).

Signaling by transforming growth factor-g (TGF-B) su-
perfamily members recently has been shown to rely on
Smad proteins (Heldin et al. 1997). Pathway-restricted
Smad proteins become phosphorylated at their extreme
carboxyl terminus by ligand-bound TGF-$ receptor fam-
ily members and then translocate to the nucleus and
activate gene transcription by either associating with
DNA-bound factors (X. Chen et al. 1997) or direct bind-
ing to DNA promoter elements (Kim et al. 1997; Ying-
ling et al. 1997). Specific Smad proteins are required for
different signals (Heldin et al. 1997): Smadl and Smad5
mediate signaling in response to bone morphogenetic
proteins, whereas activin and TGF-3 utilize both Smad2
and Smad3. All pathway-restricted Smad proteins are
able to oligomerize with the common mediator Smad4,
which is identical to the DPC4 tumor suppressor that is
often missing or mutated in pancreatic cancers, thus pre-
venting the antiproliferative effect of TGF-g (Hahn et al.
1996). Oligomerization with Smad4, which lacks the po-
tential carboxy-terminal phosphorylation sites, aug-
ments transactivation by the pathway-restricted Smad
proteins.

Here we demonstrate that Smad proteins utilize CBP/
p300 to exert their effects. The transcription factor
Smad3 binds to CBP/p300 both in vitro and in vivo, and
TGF-B receptor phosphorylation of Smad3 promotes this
interaction. Furthermore, CBP/p300 cooperate with
Smad2-Smad4 in activating gene transcription, whereas
a dominant-negative CBP can suppress Smad-dependent
transcription. These results establish CBP/p300 as im-
portant cofactors in activin/ TGF-B signaling pathways.

Results
In vivo interaction between Smad3 and CBP/p300

To identify novel interaction partners of CBP/p300, we
undertook a yeast two-hybrid screen with CBP amino
acids 1891-2175 as bait. One isolated cDNA clone en-
coded the carboxy-terminal amino acids 219-467 of the
human Smad2 transcription factor. As a high degree of
homology exists between Smad2 and Smad3, and full-
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Figure 1. In vivo interaction of Smad3 and CBP/p300. (A) An
empty Myc-tag expression vector or those encoding Smad3
(6Myc-Smad3,_,,s) and Smad4 (6Myc-Smad4,_gs,) was cotrans-
fected with HA-tagged p300 or HA-tagged CBP as indicated into
293T cells. Immunoprecipitations were performed with a-HA
mAbs, and coimmunoprecipitated Smad proteins detected by
Western blotting with a-Myc mAbs (top). (Middle and bottom)
Expression analysis of the Myc- and HA-tagged proteins, respec-
tively, by Western blotting of cell extracts. (B) Confocal laser
microscopy. Nontransfected, serum-starved, formaldehyde-
fixed MvlLu cells were challenged with o-Smad2/3 (N-19,
Santa Cruz) and «-p300 mAbs and stained with secondary anti-
bodies coupled to Texas Red (top) and FITC dyes (bottom), re-
spectively. Colocalization is apparent by yellow staining in the
composite middle panel.

length Smad3 cDNA was readily available, we focused
our further research on Smad3 and its oligomerization
partner Smad4.

To demonstrate an in vivo interaction between p300
and Smad3, amino-terminally Myc-tagged, full-length
Smad3 (6Myc-Smad3,_,,5) was expressed in human
293T cells alone or in the presence of HA-tagged p300.
Cell extracts were prepared and immunoprecipitations
were performed with a-HA antibodies followed by West-
ern blotting utilizing a-Myc antibodies. In the presence
of coexpressed p300-HA, Smad3 was coimmunoprecipi-
tated (Fig. 1A, lane 4, top). Similarly, we detected coim-
munoprecipitation of Smad3 with HA-tagged CBP (lane
8). In contrast, Smad4 (6Myc-Smad4,_c.,) did not inter-
act with CBP/p300 (lanes 6,9). Furthermore, a partial
nuclear colocalization of endogenous Smad2/3 and en-
dogenous p300 was observed by confocal laser micros-
copy (Fig. 1B): Although antibodies directed against a
common epitope in Smad2 and Smad3 elicited both cy-
toplasmic and nuclear staining, p300 was predominantly
detected in nuclear speckles that coincided with a high
degree of nuclear Smad2/3 staining. Together, these re-
sults indicate that CBP/p300 and Smad3 interact in vivo.

Mapping of interaction domains

To define the CBP/p300 interaction domain within
Smad3, a panel of Myc-tagged Smad3 truncations were
constructed. As shown in Figure 2A, deletion of Smad3

Coactivation by CBP/p300 and Smad proteins

carboxy-terminal amino acids led to a markedly higher
degree of interaction with p300 than observed with the
full-length protein (cf. 2-342 to 2-425). Similarly, dele-
tion of amino-terminal amino acids (see 210-425) stabi-
lized the interaction of Smad3 and p300, whereas amino
acids 2-210 failed to bind p300. A combined amino- and
carboxy-terminal truncation (210-342) bound to p300
comparably as well as the 2-342 and 210-425 molecules,
indicating that the carboxyl and amino termini of Smad3
can only negatively regulate binding of Smad3 to p300
when the other terminus is still present. Thus, intramo-
lecular interactions between the amino and carboxyl ter-
mini, as reported for Smad2 and Smad4 (Hata et al. 1997),
most likely restrict the access of CBP/p300 to Smad3
amino acids 210-342. This may explain why the amino
terminus of Smad3 represses the transactivation func-
tion residing in the carboxy-terminal half (Heldin et al.
1997).

Interestingly, the Smad4 truncation 2-510 inter-
acted with p300 (Fig. 2B), which also held true for
Smad4,,o 510, Whereas deletion of the amino-terminal
half of Smad4 (see 270-552) was not sufficient to cause a
detectable interaction. Thus, Smad4 is capable of inter-
acting with p300 when carboxy-terminal amino acids are
deleted. However, although binding of full-length Smad4
to CBP/p300 was not detected, this may not preclude a
low affinity binding in vivo.
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Figure 2. Mapping of interaction domains. a-HA coimmuno-
precipitations of Myc-tagged Smad3 (A) or Smad4 (B) proteins
with HA-tagged p300. (Input) Approximately 2% of Myc-tagged
proteins in the cell extracts. Numbers at top refer to amino
acids. (C) GST pull-down assays. Bound Myc-tagged Smad pro-
teins were revealed by o-Myc Western blotting. (D) GST pull-
down assay with 6HisT7-Smad3,,, 4,5 followed by «-T7-tag
Western blotting. (E) a-HA coimmunoprecipitations of Myc-
tagged Smad?2 proteins with p300-HA.
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To localize the Smad interaction domain within CBP,
we used GST-CBP fusion proteins in pull-down experi-
ments (Fig. 2C). No binding could be detected with full-
length Smad3 (2-425) under the experimental conditions
employed, presumably because of the weakness of this
interaction, or with the truncation 2-210. Smad3,,5_34»
bound to CBP amino acids 1891-2175, which interest-
ingly also interact with coactivators of the nuclear ste-
roid receptors (H. Chen et al. 1997; Spencer et al. 1997).
This binding was specific, as none was observed with
GST itself, CBP regions 451-721 and 2175-2441 (Fig.
2C), or with other regions of CBP (data not shown). Simi-
larly, Smad4,,, 5,0 Specifically bound to CBP,gg; 5175
(data not shown). Furthermore, binding of Smad3 to
CBP was direct, as purified GST-CBP, g9, 5,75, but not
GST, interacted with bacterially expressed, purified
Smad3,,,_4-5 (Fig. 2D).

Finally, we analyzed whether Smad2 could also coim-
munoprecipitate with p300. To that end, Myc-tagged,
full-length Smad2,_,4, was coexpressed with p300-HA
and a-HA immunoprecipitations performed. Full-length
Smad2 coimmunoprecipitated with p300 (Fig. 2E), as did
Smad2,,5 4¢7 (Fig. 2E). As observed for the homologous
Smad3, deletion of the Smad2 amino terminus resulted
in a higher degree of interaction with p300.

Coactivation by Smad and CBP/p300 proteins

Next, we examined whether CBP/p300 could coactivate
transcription from the TGF-B responsive plasminogen
activator inhibitor-1 reporter gene construct 3TP-lux
(Lagna et al. 1996) in 293T cells. p300 enhanced Smad2
(data not shown)- and Smad3 (Fig. 3A)-mediated tran-
scription. Transcription in the absence of overexpressed
Smad was much less affected (Fig. 3A) and could be
caused by either endogenous Smad proteins or AP-1 tran-
scription factors, which both are capable of binding to
the 3TP-lux construct (Yingling et al. 1997). Similar re-
sults were obtained when CBP was employed in place of
p300 (data not shown). Surprisingly, enhancement of
Smad4-dependent transcription by p300 also occurred
(Fig. 3A), implying that Smad4 and p300 might interact
in vivo. Furthermore, coexpression of Smad3, Smad4,
and p300 resulted in a cooperative activation of the 3TP-
lux construct (Fig. 3A), suggesting that these three dif-
ferent proteins form a transcriptionally active complex.

We also employed a luciferase reporter construct
(SBE4-luc) driven by consensus binding sites for Smad3
and Smad4 (Zawel et al. 1998). Again, p300 enhanced
Smad3- and Smad4-dependent transcription, whereas lu-
ciferase activity in the absence of overexpressed Smad
proteins was unaffected (Fig. 3B). In addition, elevation
of Smad3- or Smad4-dependent transcription by p300 did
not occur with a CMV or a PGK promoter (data not
shown), indicating that the observed effects were pro-
moter specific.

We also investigated whether the Smad proteins func-
tionally interacted with CBP/p300 in another cell line
(Mv1Lu) that is responsive to TGF-$ and contains endog-
enous Smad2/3/4 (Nakao et al. 1997). In the absence of
overexpressed Smads, the 3TP-lux reporter construct
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Figure 3. Coactivation mediated by p300 and Smad proteins.
(A) 6Myc-Smad3,_,,5 (0.1 pg), 6Myc-Smad4,_ .-, (0.3 ug), and
p300-HA (1 pg) were cotransfected, with the 3TP-lux reporter
construct into 293T cells. Relative luciferase levels are
depicted. (B) One microgram of 6Myc-Smad3,_,,5, 6Myc—
Smad4,_ss,, Or the empty expression vector was cotransfected
with or without 0.7 pg of p300-HA into 293T cells. Relative
luciferase activities derived from the cotransfected SBE4-luc
reporter are presented. (C) MvlLu cells were transfected with
the 3TP-lux reporter construct and additionally with 3 pg of
p300-HA, 0.1 pg of Myc-Smad3, or 0.6 pg of Smad4-HA expres-
sion vectors. Relative luciferase activities are given. (D)
Twenty-five nanograms of Myc-Smad3 expression plasmid or
the empty vector pcDNA3 was cotransfected with combina-
tions of 40 ng of TBRI-T204D, 1 pg of pEV3S-CBP1gg;_5175, and
0.1 pg of p300-HA plasmids into 293T cells. Luciferase activity
derived from the cotransfected 3TP-lux reporter construct is
depicted. (E) U2 OS cells were transfected with 100 ng of Myc-
Smad3 plasmid, or pcDNA3, and the 3TP-lux reporter gene con-
struct. Where indicated, 6 pg of pEV3S-CBP,gg; 5,75 Was cO-
transfected.
was stimulated by the overexpression of p300 in serum-
starved cells (Fig. 3C). Upon TGF-B1 stimulation the re-
porter gene activity was superinduced by coexpression of
p300, which may be explained by a coactivation medi-
ated by endogenous Smad2/3 proteins and overexpressed
p300. Similarly, p300 coactivated transcription with
overexpressed Smad3 both in the presence and absence
of TGF-B1. Overexpressed Smad4 also cooperated with
p300, albeit less pronouncedly. Thus, CBP/p300 func-
tionally cooperate with both Smad2 and Smad3 and the
common mediator Smad4 in different cell lines under
various growth conditions.

CBP/p300 possess amino- and carboxy-terminal acti-
vation domains as well as a central acetyltransferase
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function, which may all be required for coactivation
(Janknecht and Hunter 1996; Shikama et al. 1997). Thus,
the truncation CBP, g4, 5:75, Which solely constitutes
the docking region for Smad3 and Smad4, might compete
with endogenous CBP/p300 for Smad proteins and
thereby interfere with Smad activity. To test this hy-
pothesis, we overexpressed CBP, g9, 5175 and studied the
impact on basal and induced transcription mediated by
Smad3 in 293T cells. Basal transcription was not signifi-
cantly changed, although TRRI-T204D (a constitutively
active TGF-B type | kinase receptor)-induced transcrip-
tion was significantly reduced (Fig. 3D). Similarly,
transcription induced by TRRI-T204D in the absence
of overexpressed Smad3, which is likely to be mediated
by endogenous Smad proteins, was diminished. Over-
expression of p300 abolished the repressive effect of
CBP, 5912175, indicating that CBP, g4, _»,75 COMpetitively
inhibits CBP/p300 from coactivating with Smad3. As a
control, we also studied the impact of CBP,g9; 5,75 ON
the c-fos serum response element. Here, transcription
was nearly unaffected by CBP,g49,_5,75 iN the presence or
absence of Smad3 and/or TBRI-T204D, and a B-actin
promoter construct was even activated by CBP,gg; 5175
(data not shown). Furthermore, even basal 3TP-lux ac-
tivity was reduced by CBP,44, »175 IN the presence and
absence of overexpressed Smad3 in U2 OS cells (Fig. 3E).
Collectively, these data suggest that CBP, g4, 54,5 acts as
a dominant-negative molecule in different cell lines and
that Smad3 normally relies on CBP/p300 for its func-
tion.

Phosphorylation-dependent cooperation
between Smad3 and CBP/p300

Because Smad3 becomes phosphorylated on the carboxy-
terminal SSVS motif upon TGF-B stimulation (Liu et al.
1997), we examined whether phosphorylation at the car-
boxyl terminus affects binding to CBP/p300. Although
no coimmunoprecipitation of Myc-tagged Smad3 with
endogenous p300 or CBP was detectable (Fig. 4A, lanes
1,5), coexpression of TRRI-T204D resulted in robust
binding of Myc-tagged Smad3 to endogenous p300 and
CBP in vivo (lanes 2,6). In contrast, coexpression of
TBRI-T204D did not lead to coimmunoprecipitation of
Smad4, which lacks the extreme carboxy-terminal phos-
phorylation sites, with endogenous p300 or CBP (lanes
4,8). Mutation of the carboxy-terminal SSVS motif to
AAVA in Smad3 (C3A mutant) suppressed the TBRI-
T204D-dependent in vivo interaction with endogenous
CBP (Fig. 4B, left). These results were reproduced in vitro
with GST-CBP, 44,5175 (Fig. 4B, right). Thus, phosphory-
lation of Smad3 at its extreme carboxyl terminus pro-
motes binding to CBP/p300.

We then analyzed whether phosphorylation of Smad3
and coexpression of p300 could jointly enhance Smad3-
dependent transcription. To that end, wild-type or
Smad3-C3A were coexpressed with p300 and/or TRRI-
T204D in HelLa cells (Fig. 4C). Smad3-dependent 3TP-
lux activation was raised by [1160% or (1115% by p300 or
TBRI-T204D, respectively, whereas joint coexpression
of p300 and TRRI-T204D increased luciferase activity by

Coactivation by CBP/p300 and Smad proteins
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Figure 4. Phosphorylation-dependent cooperation between
Smad3 and CBP/p300. (A) 6Myc-Smad3, ,,; or 6Myc—
Smad4,_s5, was coexpressed with TBRI-T204D where indi-
cated. Immunoprecipitations were performed with «-p300 or
«-CBP antibodies and coimmunoprecipitated Smad proteins re-
vealed by o-Myc Western blotting. (B) Wild-type (wt) or the
triple alanine mutant C3A of 6Myc-Smad3,_,,s was coex-
pressed with TBRI-T204D in 293 T cells, «-CBP immunopre-
cipitations of cell extracts were performed and Smad3 proteins
were revealed by a-Myc Western blotting (lanes 1-4). Lanes 5-8
depict a corresponding in vitro pull-down experiment employ-
ing GST-CBP;g9,_5175- (C) Wild-type or C3A Myc-Smad3 ex-
pression plasmid (0.5 pg) was transfected with 6 pg of p300-HA
and 0.5 pg TRRI-T204D vector into HelLa cells. Activation of
the cotransfected 3TP-lux reporter gene is shown.

[A75%, indicating that p300 and TRRI-T204D synergize
to activate Smad3. No such synergism was observed
upon overexpression of Smad3-C3A or in the absence of
overexpressed Smad3. Thus, enhanced interaction of
CBP/p300 with Smad3 upon TGF-B triggered phosphory-
lation causes elevation of transcriptional activity.

Discussion

We have established a link between the nuclear coacti-
vators CBP/p300 and the activin/TGF-B-regulated Smad
proteins. Transcription mediated by Smad2 or Smad3, as
well as by the common mediator Smad4, was enhanced
by CBP/p300. Importantly, we demonstrated that the
Smad-binding domain within CBP (amino acids 1891-
2175) can act as a suppressor of Smad3-dependent tran-
scription, indicating that Smad3 is normally dependent
on CBP/p300 for mediating full activation of gene tran-
scription. Also, coactivation by CBP/p300 occurred in
different cell lines and, as demonstrated with the Mv1Lu
cells, under different growth conditions: in cells continu-
ously growing in medium supplemented with 10% se-
rum (data not shown) and in serum-starved cells before
and after TGF-B1 stimulation (Fig. 3C). This suggests
that coactivation of CBP/p300 and Smad3, and probably
also Smad2 and Smad4, is a general phenomenon.
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In vertebrates, activin is involved in the induction of
dorsal mesoderm or erythroid differentiation and TGF-33
can induce growth of the extracellular matrix or suppress
mitogenicity and immune reactions (Heldin et al. 1997).
Furthermore, Smad2 and Smad4 are indispensable for
many steps during embryogenesis (Sirard et al. 1998;
Waldrip et al. 1998; Yang et al. 1998). Therefore, as part-
ners of Smad proteins, CBP/p300 are strongly implicated
to play an important role in various aspects of develop-
ment, as indicated by the abnormal pattern formation in
Rubinstein-Taybi syndrome caused by CBP haploinsuf-
ficiency (Petrij et al. 1995).

Utilization of CBP/p300 as a coactivator places the
activin/ TGF-B-regulated Smad proteins in a network of
transcription factors that all compete for the limiting
amounts of CBP/p300 and may thus influence each oth-
er’s activity by squelching (Janknecht and Hunter 1996).
For instance, ligand-bound nuclear receptors of the ste-
roid hormone superfamily can inhibit the function of the
phorbol-ester-activated AP-1 transcription factor by
depletion of the available CBP/p300 pool, or cAMP-
mediated stimulation of CREB can suppress gene activa-
tion by retinoic acid (Kamei et al. 1996). Similarly, a
carboxy-terminal truncation of Smad3 that leaves the
CBP/p300-binding domain intact can efficiently inhibit
cAMP or phorbol-ester-stimulated gene transcription
(Mucsi and Goldberg 1997), presumably by competing
with CREB and AP-1 for CBP/p300.

Phosphorylation of the SSVS motif of Smad3 is essen-
tial for its transactivation function (Liu et al. 1997) and is
thought to result in a conformational change (Heldin et
al. 1997), which may expose the CBP/p300 docking re-
gion. Smad3 had a dramatically enhanced affinity toward
CBP/p300 after phosphorylation by TGF-3 type | kinase
receptor at its SSVS motif, or after amino- or carboxy-
terminal truncation. Thus, intramolecular interactions
between the amino terminus and the nonphosphorylated
carboxyl terminus of Smad3 most likely prevent an effi-
cient binding to CBP/p300, and similarly the Smad4 car-
boxyl terminus, which contains no TGF-B receptor phos-
phorylation sites, exerts an inhibitory effect on binding
to CBP/p300. The enhanced interaction of Smad3 with
CBP/p300 upon TGF-3 receptor-mediated phosphoryla-
tion translates into increased activity of Smad3, as indi-
cated by the fact that coexpression of p300 and TBRI-
T204D synergistically potentiated Smad3-dependent
3TP-lux activation. Thus, enhancement of cooperation
with CBP/p300 represents another way in which ac-
tivin/TGF-B receptor-mediated phosphorylation of
Smad3 promotes gene transcription.

CBP/p300 have been suspected to be tumor suppres-
sors, as they can suppress transformation by the adeno-
viral E1A protein (Smits et al. 1996). Our study furthers
this notion, as cooperation between CBP/p300 and the
tumor suppressors Smad2 and Smad4 may be a necessary
basis for safeguarding against tumorigenesis. Consistent
with this, development of colorectal carcinomas is asso-
ciated with mutations in p300 (Muraoka et al. 1996),
Smad2 (Eppert et al. 1996), and Smad4 (Thiagalingam et
al. 1996). Finally, disruption of the interplay between
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CBP/p300 and Smad2/Smad4 oligomers may render co-
lorectal carcinomas unresponsive to the growth-inhibi-
tory effect of TGF-B (Zhou et al. 1998).

Materials and methods

Plasmids

Mammalian expression vectors for TBRI-T204D (Hoodless et al. 1996),
carboxy-terminally HA-tagged human Smad4, the 3TP-lux reporter con-
struct (Lagna et al. 1996), the SBE4—-luc plasmid (Zawel et al. 1998), and
CBP constructs (Janknecht and Nordheim 1996) were as published. Myc-
tagged versions of human Smad2, rat Smad3, and human Smad4 were
generated by PCR and verified by DNA sequencing. For expression of
His/T7-tagged Smad3,,4_4,5, an appropriate cDNA fragment was cloned
into pET-28a(+) (Novagen).

Transient transfection assays

Human embryonal kidney 293T, mink lung Mv1Lu, human cervix car-
cinoma HeLa, or human osteogenic sarcoma U20S cells were grown to
25% confluency on 6-cm dishes and then transfected by the calcium
phosphate coprecipitation method. Cells were kept in medium contain-
ing 10% fetal calf serum except 12 hr before and during the 16-hr induc-
tion with 5 ng/ml human recombinant TGF-81 (R&D Systems) when the
serum concentration was lowered to 0.2%. Luciferase activity was de-
termined as described (Janknecht and Nordheim 1996).

Coimmunoprecipitations

One microgram of Myc-tagged Smad and, where indicated, 0.5 pg of
TBRI-T204D and 6 pg of HA-tagged p300 or CBP expression plasmids
were transfected into 293T cells. Cells were lysed in 600 pl of 0.5x lysis
buffer (1x:10 mm Tris, 30 mm Na,P,0,, 50 mm NaCl, 50 mm NaF, 1%
Triton X-100 at pH 7.1), 0.2 mm DTT, and inhibitor cocktail (20 pg/ml
aprotinin, 20 pg/ml leupeptin, 0.5 mm PMSF, 0.5 mm NazVO,) at 4°C.
Immunoprecipitations were performed with the mouse mAb 12CA5 (a-
HA) or Santa Cruz rabbit polyclonal antibodies A-22 («-CBP) or C-20
(«-p300) and 20 pl of protein A beads (Repligen). Proteins were revealed
after SDS-PAGE and Western blotting with the ECL detection kit (Am-
ersham).

GST pull-down assays

GST fusion proteins were produced in Escherichia coli, purified as de-
scribed previously (Janknecht and Nordheim 1996), and bound to gluta-
thione-agarose (Sigma). Protein extracts from 293T cells, transfected
with 3 pg of Myc-tagged Smad3 variant expression plasmids (+0.5 pg
TBRI-T204D), were prepared in 800 ul of 1x lysis buffer, 1 mm DTT, and
inhibitor cocktail. Extract (30 pl) was incubated with 15 pl of preloaded
glutathione-agarose beads in 600 pl of 0.25x lysis buffer/1 mm DTT/
inhibitor cocktail and incubated for 2 hr at 4°C. After boiling in sample
buffer, SDS-PAGE was performed and bound proteins were detected by
a-Myc Western blotting. Alternatively, 6HisT7-Smad3,,0_4,5 Was pro-
duced in E. coli, purified by Ni?*~chelate affinity chromatography, and
utilized in the GST pull-down assay. Bound 6HisT7-Smad3,,4_405 Was
detected after Western blotting with mouse mAb «-T7-tag (Novagen).
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