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FIG. 1. The FM is required in both XFoxH1a and XFoxH1b for mediating TGF-B-induced transcriptional activation through recruitment of
active Smad2/Smad4 complexes. (A and B) NIH 3T3 cells were transfected with the (ARE);-Luc reporter (A) or the Pitx2 ASE-Luc reporter
(B) either alone or with plasmids expressing HA-tagged wild-type or mutant derivatives of XFoxH1a or XFoxH1b as indicated and treated with
or without TGF-B. Luciferase was quantitated relative to -galactosidase from the pEFLacZ internal control. The data are the means and standard
deviations of three independent experiments. (C) Levels of expression of the mutants are shown by Western blot. (D) Alignment of the C-terminal
regions of the five known FoxH1 family members: X, Xenopus; h, human; m, mouse; zf, zebrafish. Black dotted underlining indicates the
Fast/FoxH1 motif (FM), with FM1 and FM2 denoted; black underlining indicates the Smad interaction motif (SIM). The dots indicate the residues
that were mutated to alanines in the XFoxH1 mutants, and also in the Gal4-FM and Gal4-SIM mutants (see Fig. 3).

region, which we have termed the Fast/FoxH1 Motif (FM) is
characterized by the sequences LPTSY and PN(V/A)V(A/
M)P(L/P), which we refer to as FM1 and FM2, respectively
(Fig. 1D).

We investigated the relative importance of each of these
motifs in XFoxHla and XFoxH1b for mediating TGF-B-in-
duced transcription. This analysis was performed in NIH 3T3
cells which do not contain any endogenous FoxH1 family mem-
bers that would interfere with the interpretation of the exper-
iment. In the context of XFoxH1a, mutation of FM1 had a

negligible effect on the ability of the transcription factor to
activate TGF-B-induced transcription, but mutation of FM2
had a substantial effect (Fig. 1A, left panel). Mutation of both
FM1 and FM2 resulted in a protein that retained only residual
activity (4-fold activation), and mutation of either FM1 or FM2
in combination with a SIM mutation completely abolished
activity (Fig. 1A, left panel). For XFoxH1b, mutation of FM1
had little effect on its ability to mediate TGF-B-induced tran-
scriptional activation, whereas mutation of FM1 in combina-
tion with the SIM reduced the induction by TGF-B to 7-fold
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FIG. 2. Mutation of the FM in XFoxH1a and XFoxH1b inhibits the
ability of these transcription factors to form stable complexes with
activated endogenous Smad2 and Smad4. NIH 3T3 cells were trans-
fected with plasmids expressing HA-tagged wild-type or mutant deriv-
atives of XFoxH1a (A) or XFoxH1b (B), and treated with TGF-B prior
to making whole-cell extracts. Extracts were analyzed by band shift
assay using the ARE probe. Antibody supershifts were used to dem-
onstrate that the DNA-bound complexes contained all components
(right panels). The Smad-containing complexes ARF1 (A) and ARF2
(B) are indicated, as are the supershifted complexes (black arrow).
Note that as well as supershifting the ARF complexes, the anti-
Smad2/3 antibody also stabilizes the ARF complexes, making it easier
to detect weak complexes such as that formed by the XFoxHla FM1
mutant.

(Fig. 1A, right panel). Mutation of the XFoxH1b FM2 com-
pletely abolished TGF-B-induced transcription, as did combi-
nations of the FM2 mutation with SIM or FM1 mutations (Fig.
1A, right panel). We also assayed the activity of the single
mutants of both XFoxH1a and XFoxH1b on a naturally occur-
ring Nodal responsive enhancer, the left side-specific enhancer
of the mouse Pitx2 gene (Fig. 1B) (34). These mutants all
behaved in exactly the same way as they did on the ARE;-
luciferase reporter gene (Fig. 1A and B). All mutants were
expressed at approximately equal levels (Fig. 1C).

These results demonstrate that the FM is required in both
XFoxHla and XFoxH1b for mediating TGF-B-induced tran-
scriptional activation via the ARE and that FM2 is more im-
portant than FM1.

The FM is required to recruit active endogenous Smad com-
plexes. We next investigated the effect of mutation of the FM
on the ability of XFoxHla and XFoxH1b to form stable
XFoxH1/Smad2/Smad4-DNA-bound complexes, ARF1 and
ARF2, respectively, on the ARE (13). These ARF complexes
are readily detected in a band shift assay using radiolabeled
ARE probe and extracts from TGF-B-induced NIH 3T3 cells
transfected with wild-type XFoxH1a or XFoxH1b, respectively
(Fig. 2A and B). Mutations in the SIM or FM2 of XFoxH1a
prevented ARF1 formation, but mutations in FM1 could allow
very weak ARF1 formation (Fig. 2A). Mutation of the
XFoxH1b FM2 completely abolished ARF2 formation, while
mutation of the SIM or FM1 only partially inhibited formation
of ARF2 (Fig. 2B). Supershift analysis demonstrated that the
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ARF complexes formed by wild-type XFoxH1a and XFoxH1b
and the mutants all contained HA-tagged XFoxH1a or b, and
endogenous Smad2 and Smad4 (Fig. 2A and B, right panels).
However the mobility of ARF2 containing SIM-mutated
XFoxH1b was greater than that of wild-type ARF2 for reasons
we do not fully understand (Fig. 2B). In all cases the inhibition
of ARF1/2 formation by the mutations reflected loss of
XFoxH1la/b—Smad interaction, since none of the mutations
affected the ability of the XFoxH1s to bind DNA alone (data
not shown), as expected from the fact that their DNA-binding
domains are distant from the FM and SIM region (13).

These results demonstrate that for XFoxHla, binding of
activated Smad2/Smad4 complexes to form a stable ARF1
complex requires both the SIM and FM. For XFoxH1b, for-
mation of a stable ARF2 complex requires an intact FM, al-
though mutation of the SIM can be tolerated. Note that
whereas low affinity Smad-transcription factor interactions,
such as that mediated by the XFoxHla FM1 mutant, may be
detected in a reporter assay (Fig. 1A), these weakly associated
complexes do not readily withstand the electric field in the
more stringent band shift assay.

The FM is sufficient for mediating TGF-B-induced tran-
scriptional activation. Having established that the FM is nec-
essary for the interaction of the XFoxH1s with Smad2/Smad4
complexes, we determined if it is sufficient. The XFoxH1a and
XFoxH1b SIM or FM (FM1 and FM2) coding regions, and
mutants thereof, were fused to the Gal4 DNA-binding domain,
and assessed for their ability to activate transcription of a Gal4
operator-driven reporter, which reflects their ability to bind
activated endogenous Smads (32). All constructs were well
expressed and bound DNA effectively (data not shown). Both
the XFoxHla and XFoxH1b FM fusions were sufficient to
activate transcription in a TGF-B-inducible manner, the
XFoxH1b FM being more active than the XFoxHla FM (Fig.
3A). In both cases mutation of FM2, which is sufficient in the
full-length XFoxH1s to prevent binding of the Smads, abol-
ished this activity. By comparison, the XFoxHla SIM fusion
conferred a weak (4-fold) TGF-B-induced activation (Fig. 3A).
The XFoxH1b SIM fusion conferred a very high basal level of
transcription that was not increased upon TGF-B addition
(Fig. 3A). This is due to its high affinity for Smad2 (13), en-
abling it to bind active Smad complexes that exist at low levels
in uninduced cells, since titrating down the amount of the
XFoxH1b SIM fusion until it was limiting allowed us to detect
a fourfold TGF-B-dependent activation (Fig. 3B).

Thus, the XFoxH1la and XFoxH1b FMs and SIMs are suf-
ficient in vivo to interact with active Smad2/Smad4 complexes
and thereby mediate TGF-B-induced transcriptional activa-
tion. The FM and SIM in XFoxH1b both appear to be more
active than those in XFoxHla.

The SIM and FM do not bind Smad2 via the same mecha-
nism. The assays described above indicate that the FM binds
Smad2/Smad4 complexes. We next analyzed how the FM in-
teracts with the Smads to determine whether it bound Smad2
using the same mechanism as the SIM. We have previously
shown that the SIM efficiently binds the Smad2 MH2 domain
expressed as a GST fusion protein (GSTSmad2C) and we have
shown that the interaction of DNA-bound Mixer with
GSTSmad2C is mediated solely through the SIM (9). Thus, a
Mixer SIM peptide will efficiently compete the Mixer-
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FIG. 3. The FM is sufficient to confer TGF-B inducibility in vivo. (A) NIH 3T3 cells were transfected with the (Gal4-OP)s-Luc reporter in
combination with plasmids expressing Gal4(1-95) fusions of the XFoxH1a or XFoxH1b SIM or FM and mutants thereof. (B) NIH 3T3 cells were
transfected with decreasing amounts (25, 10, or 5 ng) of plasmid expressing Gal4(1-95)XFoxH1b SIM, with the (Gal4-OP)s-Luc reporter. TGF-$
inductions and luciferase assays were as for Fig. 1, and the data are the means and standard deviations of three independent experiments.
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FIG. 4. The SIM and FM do not bind Smad2 in an identical manner. (A) In vitro-translated FLAG-tagged Mixer was incubated with Mixer
binding site probe alone or with anti-FLAG antibody or 5 ng of GSTSmad2C, as indicated. Different amounts (picomoles) of wild-type (WT) or
mutant (Mut) Mixer SIM or XFoxH1la FM peptides were added to the 20-ul band shift reactions. Mixer complexed with the probe is shown, as
is the ternary complex with anti-FLAG antibody or GSTSmad2C (black arrow). (B, C) NIH 3T3 cells were transfected with plasmids expressing
FLAG-tagged XFoxH1a (B) or XFoxH1b (C), and treated with TGF- prior to making nuclear extracts. Extracts were analyzed by band shift assay
using the ARE probe. The Smad-containing complexes ARF1 (B) and ARF2 (C) are indicated, as are the supershifted complexes (black arrow).
Wild-type or mutant XFoxHla or XFoxH1b SIM or XFoxHla FM peptides were used as in panel A. (D) *>S-labeled wild-type XFoxH1b and
mutants thereof were generated in vitro in reticulocyte lysate and assayed for their ability to interact with GST and GSTSmad2C in a GST pulldown
assay. Bound protein was visualized by SDS-PAGE and autoradiography; 20% input protein is shown.
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GSTSmad2C interaction in a band shift assay (Fig. 4A, lanes 3
to 7) (9). A wild-type XFoxHla FM peptide however had no
effect on the Mixer-GSTSmad2C-DNA complex (Fig. 4A,
lanes 12 to 15; see below and Discussion), indicating that the
FM peptide could not compete with the SIM for binding to
GSTSmad2C.

To ensure that the FM peptide was active, and could interact
with Smad2 and/or Smad4 we assayed its ability to prevent
ARF1 and ARF2 formation, comparing its effects with
XFoxHla and XFoxH1b SIM peptides. Both the XFoxHla
and XFoxH1b SIM peptides interfere with ARF1 complex
formation, although higher concentrations of the lower affinity
XFoxH1a SIM are required (13). ARF2 is a stronger complex
whose formation can be prevented by the XFoxH1b SIM pep-
tide, but not by the lower affinity XFoxH1a SIM peptide (13).
The XFoxH1la FM peptide prevented ARF1 complex forma-
tion, but had no effect on the stronger ARF2 complex (Fig. 4B
and C). Mutant SIM or FM peptides had no effect on any of
the complexes (Fig. 4B and C).

Luciferase activity
(Arbitrary units)
o

Mn - T, - 3
0
TGF-p
Competitor
T L.
i v XFoxH1b
Reporter (ARE)3-Luciferase

FIG. 5. XFoxH1b competes with Mixer for activated Smads. (A)
NIH 3T3 cells were transfected with the (DE),-Luc reporter and 25 ng
of plasmid expressing HA-tagged Mixer either alone or with 6.25, 12.5,
25, or 50 ng of plasmid expressing HA-tagged XFoxH1b or with
(ARE);s-Luc reporter and 25 ng of plasmid expressing HA-tagged
XFoxH1b either alone or with 6.25, 12.5, 25, or 50 ng of plasmid
expressing HA-tagged Mixer. Both proteins were equally well ex-
pressed when the same amount of DNA was transfected, as detected in
a Western blot probed with anti-HA (inset). (B) NIH 3T3 cells were
transfected with the (DE),-Luc reporter and 25 ng of plasmid express-
ing HA-tagged Mixer either alone or with 25 ng of plasmid expressing
HA-tagged XFoxH1b or HA-tagged XFoxH1b SIM/FM2 mutant.
TGF-B induction and luciferase assays were as for Fig. 1.

Thus, the XFoxHla FM peptide was not able to bind
GSTSmad2C and compete the solely SIM-dependent Mixer-
GSTSmad2C interaction. However, it could bind Smad2/
Smad4 complexes and prevent ARF1 formation which is me-
diated through the combined activities of the SIM and FM in
XFoxH1a. This result suggests that the FM does not interact
with the Smads using the same mechanism as the SIM. We
investigated this further by examining the interaction of
GSTSmad2C with XFoxH1b, whose SIM and FM have a
higher affinity for Smads than those of XFoxHla (see above).
XFoxH1b interacts efficiently with GSTSmad2C in a GST pull-
down assay. This activity however is mediated solely through
the SIM, since mutation of the SIM inhibited the interaction,
but mutations in the FM had little effect (Fig. 4D). This result
confirms that, unlike the SIM, the FM does not bind
GSTSmad2C. The FM can however interact with Smad2/
Smad4 complexes.

The presence of an FM and a SIM in the XFoxHl1s allows
them to compete effectively for activated Smads. We investi-
gated the potential biological relevance of the presence in the
FoxHl1s of two Smad interaction motifs (a SIM and an FM),
hypothesizing that two Smad interaction motifs in the FoxH1s
might result in stronger binding to Smad2/Smad4 complexes
than is possible with just a SIM. To test this we investigated the
ability of XFoxH1b to compete for activated Smads in tran-
scription assays with Mixer, which only contains a SIM. In
peptide competition assays, approximately equal amounts of
Mixer SIM or XFoxH1b SIM peptide are required to inhibit
formation of ARF complexes, suggesting that their SIMs have
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similar affinities for the Smads (Fig. 4B and C and data not
shown). Both proteins were equally well expressed when the
same amount of DNA was transfected (Fig. 5A, inset). The
data show that even the lowest amount of XFoxH1b can com-
pete efficiently with DNA-bound Mixer for activated Smads
(Fig. 5A, left). Conversely, not even the highest levels of trans-
fected Mixer can compete with DNA-bound XFoxH1b for
activated Smads (Fig. 5A, right).

To prove that the ability of XFoxH1b to compete with Mixer
for activated Smads depends on its containing an intact SIM
and FM, and is not the consequence of nonspecific squelching
of core transcription machinery, we also demonstrated that the
XFoxH1b derivative with a mutated SIM and FM2 (XFoxH1b
SIM/FM2 Mut) had no effect in this competition assay (Fig.
5B). Taken in conjunction with the mutational analysis shown
in Fig. 1 and 2 for XFoxHla and XFoxHI1b and in (9) for
Mixer, we conclude that the presence of a SIM and FM in the
same molecule allows the FoxH1s to compete very efficiently
for activated Smads with Mixer, which only contains a SIM.

The XFoxH1a FM peptide interacts with active Smad2, but
not with active Smad3. We then examined the interaction of
the FM with endogenous Smad2 and/or Smad4 using peptide
pulldown assays (32). As a control we used the well character-
ized Mixer SIM peptide (9, 32), which behaves the same as the
XFoxHla and XFoxH1b SIMs in these assays (data not
shown). The FM and SIM peptides were immobilized on
beads, incubated with whole-cell extracts from uninduced or
TGF-B-induced NIH 3T3 cells, and Western blotted for en-
dogenous unphosphorylated and phosphorylated Smad2, and
Smad4. The FM peptide did not pull down any Smads from
extracts from uninduced cells, but pulled down phosphorylated
Smad2, and Smad4 from extracts made from TGF-B-induced
cells (Fig. 6A). By comparison, the Mixer SIM peptide pulled
down unphosphorylated Smad2 and Smad3, phosphorylated
Smad2 and, through this interaction, Smad4 (Fig. 6A) (32).
Mutant peptides did not pull down any of the Smads (data not
shown) (32).

It appeared that the FM interacted with activated Smad2,
but not with Smad3. To confirm this, we performed peptide
pulldowns with extracts prepared from Smad2-null mouse em-
bryonic fibroblasts (27). The FM peptide clearly did not inter-
act at all with Smad3, but nevertheless pulled down Smad4
from extracts made from TGF-B-induced cells (Fig. 6A, lanes
7, 8). In contrast, the SIM peptide pulled down Smad3 from
uninduced cell extracts, and Smad3 and Smad4 from TGF-3-
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induced cell extracts (lanes 5, 6). We investigated further why
the FM pulled down Smad4 from extracts from TGF-B-in-
duced cells when it could not interact with Smad3, and the cells
contain no full-length Smad2. We demonstrated that these
cells, which are homozygous for Smad2 disrupted in its first
coding exon (exon 2) (11), actually express a truncated Smad2
that is phosphorylated upon TGF-B signaling. It is readily
detected with an antibody directed against phosphorylated
Smad2 in a Western blot (Fig. 6A), though not with the anti-
Smad?2/3 antibody (data not shown). We deduce from its size
that this truncated Smad?2 starts at Met 241, and encodes the
entire MH2 domain and a small portion of linker. Thus, we
conclude that the FM interacts with the C-terminal domain of
Smad?2 in response to TGF- and through this interaction pulls
down Smad4 (see also below). In addition, in contrast to the
SIM, the FM discriminates between activated Smad2-contain-
ing complexes and activated Smad3-containing complexes.

We investigated this discrimination between Smad2 and
Smad3 in more detail by testing whether the FM could inter-
fere with the formation of an endogenous Smad3/Smad4-con-
taining band shift complex that binds the c-Jun Smad-binding
region (16). Consistent with the notion that the FM does not
interact with Smad3, the FM peptide could not interfere with
the formation of this complex, whereas a SIM peptide could, as
previously reported (16) (Fig. 6B).

Our observation that the FM discriminates between acti-
vated Smad2/Smad4 and Smad3/Smad4 complexes prompted
us to investigate whether this binding specificity was also a
property of the FoxH1 transcription factors that contain this
motif. We asked whether the FoxH1s discriminated between
endogenous Smad2 and Smad3. FLAG-tagged XFoxH1a was
therefore expressed in HaCaT cells, which contain approxi-
mately equal amounts of endogenous Smad2 and Smad3 (Fig.
6C; right-hand panels). The resulting ARF1 complex formed
upon TGF-B stimulation only contains XFoxH1a, Smad2 and
Smad4, as demonstrated by the fact that it was supershifted by
a FLAG antibody, an anti-Smad4 antibody and an antibody
that recognizes both Smad2 and Smad3, but was unaffected by
an antibody that recognizes Smad3 only, or an antibody that
recognizes phosphorylated Smad3 (P-Smad3; Fig. 6C). To con-
firm that had Smad3 been present in the ARF1 complex, it
would have been detected with the Smad3 and P-Smad3 anti-
bodies, we demonstrated that the Smad3 antibody supershifted
the Smad3/Smad4-containing complex that binds the c-Jun
Smad-binding region, and the anti-P-Smad3 antibody com-

FIG. 6. The XFoxH1a FM interacts with phosphorylated Smad2 and through this interaction binds Smad4, but does not interact with Smad3.
(A and D) The wild-type Mixer SIM and XFoxH1a FM peptides were immobilized on neutravadin beads and incubated with whole-cell extracts
from uninduced or TGF-B-induced NIH 3T3 cells or Smad2-null mouse embryo fibroblasts (S2 KO MEF; A) or MDA-MB468 cells (D).
Associated proteins were Western blotted for Smad2/3, phosphorylated Smad2 (P-Smad2), and Smad4 (left panels), and whole-cell extracts were
blotted with the same antibodies (right panels). The numbers to the left of the control blots in panel A show the positions of molecular size markers
(kilodaltons). (B) Nuclear extracts made from HaCaT cells treated with or without TGF-8 for 1 h were analyzed by band shift using the c-Jun
Smad-binding region (SBR) probe. The complexes were supershifted with the indicated antibodies to demonstrate that they contained Smad3 and
Smad4. Different amounts (picomoles) of wild-type (WT) or mutant (Mut) Mixer SIM or XFoxH1la FM peptides were added to the 20-ul band
shift reaction mixtures. The Smad3/Smad4 complex is indicated, as are the supershifted complexes (black arrow). (C) Nuclear extracts prepared
from HaCaT cells transfected with a plasmid expressing FLAG-tagged XFoxH1a and treated with or without TGF-f for 1 h were analyzed by band
shift using the ARE (upper panel) or the c-Jun Smad-binding region probe (lower panel). The complexes were incubated with antibodies as
indicated to demonstrate that ARF1 contains XFoxHla, Smad2 and Smad4, but not Smad3, while the Smad3/Smad4 complex on the c-Jun
Smad-binding region contains Smad3 and 4. Right panels, Western blots of nuclear HaCaT extracts, treated with or without TGF-8, probed with
the same antibodies to demonstrate antibody specificity. The numbers to the left show the positions of molecular size markers (kilodaltons).
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FIG. 7. FM interaction requires Smad2 phosphorylation. (A) NIH 3T3 cells were transfected with HA,-tagged wild-type Smad2 with or without
plasmids expressing TBRI and TRRII. Cells were either untreated or treated for 1 h with TGF-B. Whole-cell extracts were then blotted for Smad2/3
(upper panel) and phosphorylated Smad2 (P-Smad2; lower panel). (B and C) NIH 3T3 cells were transfected with FLAG-tagged Smad2C (amino
acids 198 to 467), or linker-deletions (Smad2CA207-245 or Smad2CA207-259) (B) or wild-type or 2SA HA,-tagged Smad2 (C) and plasmids
expressing TBRI and TRRII and incubated with or without TGF-B. Whole-cell extracts were incubated with immobilized wild-type Mixer SIM and
XFoxH1a FM peptides and associated proteins were Western blotted for FLAG or Smad2/3 and P-Smad?2 (left-hand panels). Whole-cell extracts
were blotted with the same antibodies as a control (right-hand panels). Note that the band that appears in all lanes of the anti-FLAG-HRP control
blot is a background band. In panels A and C, it is easy to distinguish the transfected Smad2s from endogenous Smad2 due to the large size of

the 4 N-terminal HA tags on the transfected Smad2s.

pletely disrupted this complex (Fig. 6C). The specificity of the
antibodies was confirmed by Western blotting (Fig. 6C, right-
hand panels). Several studies have shown that FoxH1 family
members can bind Smad3, but this has only been demonstrated
for overexpressed Smad3, or recombinant purified Smad3 (18,

19, 24, 44, 45). Indeed, when Smad3 was overexpressed in
HaCaT cells with XFoxHla, the resulting ARF1 complex
formed in response to TGF-B did contain Smad3 (data not
shown).

Our results therefore indicate that XFoxH1a preferentially
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binds activated endogenous Smad2/Smad4 complexes in vivo.
This preference for Smad2/Smad4 complexes over Smad3/
Smad4 complexes is lost if Smad3 is artificially overexpressed.

The XFoxHla FM peptide binds Smad4 indirectly through
its interaction with activated Smad2. The observation that the
FM did not pull down Smad4 from uninduced cells suggested
that it did not interact directly with Smad4. To confirm this, we
performed peptide pulldowns using extracts from the Smad4-
null cell line, MDA-MB468 where TGF-B stimulation leads to
formation of activated homomeric Smad2 complexes (25) (Fig.
6D). The FM was still able to pull down phosphorylated Smad2
from extracts of TGF-B-induced MDA-MB468 cells, indicating
that the FM makes no essential contacts with Smad4 and that
the presence of Smad4 in the complex is not required for FM
interaction.

Taken together with the results in the previous section, we
conclude that the FM contacts the Smad2 subunit of an active
Smad2/Smad4 complex; its ability to pull down Smad4 is a
consequence of the Smad2-Smad4 interaction.

The FM interaction requires Smad2 phosphorylation. The
FM only interacts with activated Smad2. We considered three
possible explanations for this. Firstly, TGF-B-induced phos-
phorylation might be important for releasing the MH2 domain
from autoinhibition mediated by the MH1 domain (10). Sec-
ondly, it may induce essential conformational changes in the
MH?2 domain (42). Thirdly, Smad2 phosphorylation might be
important because it mediates heteromeric complex formation,
and the FM might recognize a binding pocket only present in
the active Smad complex.

From the data in Fig. 6A, the FM clearly interacts with
phosphorylated truncated Smad2 (amino acids 241 to 467), but
we cannot tell from this experiment whether in the absence of
the MH1 domain, phosphorylation was still necessary for the
FM interaction, as we cannot detect this product in the absence
of phosphorylation. We therefore tested in peptide pulldown
assays whether the FM interacted with FLAG-tagged N-termi-
nally truncated versions of Smad2, Smad2C (amino acids 198
to 467) and derivatives of it containing different amounts of
linker. Transfected Smad2s are not efficiently phosphorylated
by endogenous levels of receptors (Fig. 7A), so TGF-B type I
and type II receptors were cotransfected in these experiments.

The Smad2C was phosphorylated in the absence and pres-
ence of TGF-B as a result of receptor overexpression, thus we
still could not distinguish between a requirement for phosphor-
ylation versus a requirement for loss of autoinhibition by the
MH1 domain (Fig. 7B, lanes 1 to 4). However, the Smad2Cs
with further deletion of the linker (Smad2CA207-245 and
Smad2CA207-259) were not phosphorylated, despite the over-
expression of receptors, presumably because they lack se-
quences in the C-terminal portion of the linker downstream of
M?241, required to interact with the SARA Smad-binding do-
main for recruitment to the receptors (Fig. 7B) (40). These
nonphosphorylated truncated Smad2s did not interact with the
FM (Fig. 7B, lanes 7, 8, 11, 12). However as they contain an
intact MH2 domain, they did interact with the SIM (Fig. 7B,
lanes 5, 6, 9, 10). This indicates that phosphorylation of Smad2
is required for FM binding, and explains why the FM did not
interact with unphosphorylated recombinant GSTSmad2C
(Fig. 4A and D). This result was also confirmed by demon-
strating that a full-length Smad2 in which the phosphorylated
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serines were mutated to alanines (2SA Smad2) also failed to
interact with the FM, but interacted efficiently with the SIM
(Fig. 7C).

FM binding requires Smad complex formation. We next
tested whether the FM interaction required Smad complex
formation by investigating Smad mutants which cannot form
complexes, but can be phosphorylated. We modeled the active
Smad MH2 domain complex as a Smad2/Smad4 trimer with
two Smad2s and one Smad4 (Fig. 8A), since a Smad2/Smad4
trimer associates in vivo with the XFoxHl1s (16). We then
mutated residues in full-length Smad2 required for complex
formation. Three mutants were made in Smad2, K420A,
D450H and C463G, that from the crystal structure were pre-
dicted to abolish contacts required for complex formation (Fig.
8A) (42).

Mutation of K420 to alanine prevented phosphorylation of
Smad2, thus precluding any further analysis of the FM inter-
action (Table 1). This was not unexpected as K420 is in the L3
loop, which is required for interaction with the type I receptor
(21). The D450H and C463G Smad2 mutants, however, were
both efficiently phosphorylated and, when assayed by peptide
pulldown, did not interact with the XFoxHla FM, but did
interact with the Mixer SIM (Fig. 8B). We used gel filtration
analysis to determine whether they formed Smad complexes
upon TGF-B-induction. The assay was first validated using
extracts from uninduced or TGF-B-induced NIH 3T3 cells to
test for complex formation of endogenous Smad2. In the ab-
sence of TGF-B, Smad2 migrated predominantly in fractions
corresponding to a molecular weight of above 44 kDa, consis-
tent with it being monomeric (Fig. 8C). Upon TGF-B induc-
tion, a portion of the Smad2 could be detected in the fractions
corresponding to molecular masses of above 158 kDa, indicat-
ing formation of higher order Smad complexes. When blotted
for phosphorylated Smad?2, it was clear that the Smad2 in these
earlier fractions was phosphorylated, resulting in complex for-
mation (Fig. 8C). After TGF-B stimulation, wild-type trans-
fected Smad2 eluted in the same fractions as endogenous
Smad2, indicating that it too forms higher-order Smad com-
plexes (Fig. 8D). However, the D450H and C463G Smad2
mutants only eluted in fractions corresponding to monomeric
Smad2, although the endogenous Smad2 clearly formed higher
order complexes (Fig. 8D).

Thus, although D450H and C463G Smad2 were phosphor-
ylated, they were unable to form Smad complexes. Therefore
phosphorylation per se is not sufficient for the FM to interact
with Smad2; the phosphorylation is required to induce com-
plex formation, which in turn is necessary for FM-Smad?2 in-
teraction.

Determination of the FM binding site on Smad2/Smad4
trimers by site-directed mutagenesis. To determine where on
the Smad2/Smad4 complex the FM binds, we examined the
predicted Smad2/Smad4 MH2 domain heterotrimer structure
using the program PASS (2) to identify potential hydrophobic
grooves which might become available upon Smad2 phosphor-
ylation and subsequent complex formation. Mutations were
made in residues within these regions (Fig. 9Ai and ii) and
tested for TGF-B-induced phosphorylation and, by peptide
pulldown, for interaction with the FM and the SIM (Table 1).

One obvious hydrophobic groove to test was that which
binds the SIM. The FM and the SIM differ in their interaction
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TABLE 1. Investigation of the interaction between XFoxHla FM and Smad2*

Residues” Smad2° pl?obs lélﬁ};:;ﬁz d f(c-):rorrrl:eﬂlieoi FM interaction SIM interaction

Wild type + + + +

Interface residues K420A - NT¢ NT NT
D450H + - - +

K375A+D450H - NT NT NT

K420A+D450H - NT NT NT

K375A+K420A+D450H - NT NT NT
C463G + - - +
Residues located in potential F356A - NT - -
hydrophobic grooves V419A + NT + +
H331A + NT + +
E326A + NT + +
M327A + NT + +
R334A + NT + +
D352A + NT + +
W274A + + + +
Y340A + + + +
Residues within the SIM-binding W368A + + - -
hydrophobic pocket N381A + NT + +
Y366A + NT + +
V373A + + - -
Residue close to Smad/Smad V431A + + - +

interface

“ All Smad2 mutants were tested for phosphorylation by Western blotting of whole-cell extracts with the anti-phosphorylated-Smad2 antibody. The ability of the
mutants to form complexes was assayed by gel filtration analysis. Peptide pulldowns were used to determine whether the Smad2 mutants could interact with the Mixer
SIM and the XFoxHla FM.

" Interface residues were as previously identified (42). SIM-binding hydrophobic pocket residues in the Smad2 MH2 domain were previously described (32).

¢ Mutation of F356, a residue which is buried within Smad2, resulted in a protein that was not phosphorylated and could not interact with either the FM or the SIM,
suggesting that this mutation caused a severe structural change in the Smad2. E326, M327 and H331 lie in a groove that forms in the vicinity of the phosphoserine-
binding pocket upon complex formation. Although mutation of N381 has no effect on SIM binding under our experimental conditions, it is thought from modeling to
be involved in forming a hydrogen bond with 1304 of the Mixer SIM (32).

4 NT, not tested.

with Smad2 since the SIM can bind monomeric Smad2, while
the FM only binds complexed Smad2. However, these motifs
are both proline-rich and contain a conserved Pro-Asn pair
(Fig. 1D), so it was possible that they might interact with at
least some of the same Smad?2 residues. We tested the impor-
tance for FM binding of W368, which lies within a shallow
hydrophobic pocket and is critical for the specific interaction of
Smad2 with the SIM and with the SARA Smad-binding do-
main, and 3 other residues within this Smad2 hydrophobic
pocket - N381, Y366 and V373 (Fig. 9A) (32). The resultant
mutants were all phosphorylated efficiently (Fig. 9B; Table 1).
Mutation of N381 had a negligible effect on the interaction of

Smad?2 with the SIM or the FM, and mutation of Y366 affected
the SIM interaction, but was wild-type for FM interaction
(Table 1). However, mutation of W368 or V373 to alanine
resulted in proteins that did not bind the SIM or the FM, when
compared with transfected wild-type Smad?2 (Fig. 9B, lanes 1 to
12; and data not shown), suggesting that these residues are
required for both SIM and FM binding. Importantly, these two
mutants were efficiently expressed, were phosphorylated and
formed higher order Smad complexes, indicating that their
structures were not grossly disrupted (Fig. 9B and C).

Since the FM only interacts with Smad2 in active Smad
complexes, we searched the Smad2/Smad4 trimer model for a

FIG. 8. Smad2 phosphorylation and subsequent complex formation is necessary for FM interaction. (A) The predicted Smad2/Smad4 MH2
domain heterotrimer, highlighting interacting residues at the Smad2-Smad?2 interface (cyan on the pink Smad2 subunit and green on the white
subunit) and the phosphate groups (red) of the pink Smad2 subunit. Corresponding residues at the Smad2-Smad4 interfaces have been omitted
for the sake of clarity. The two Smad2 subunits are not identical; the pink Smad2 subunit has no phosphoserine residues bound in its L3/B8
loop/strand pocket (42), while the white Smad2 subunit binds the phosphoserines from the pink Smad2 subunit. The Smad4 subunit (blue) binds
the phosphoserines from the white Smad2 subunit. The figure was created using MOLMOL (17). (B) NIH 3T3 cells were transfected with plasmids
expressing wild-type, D450H, or C463G HA,-tagged Smad2 and plasmids expressing TBRI and TRRII. Whole-cell extracts were made from
uninduced or TGF-B-induced cells, incubated with immobilized wild-type Mixer SIM and XFoxH1a FM peptides, and associated proteins were
Western blotted for P-Smad2. (C and D) Whole-cell extracts (WCE) were made from uninduced NIH 3T3 cells and cells induced with TGF-@ for
40 min (C), as well as from TGF-B-induced NIH 3T3 cells transfected with wild-type, D450H or C463G HA,-tagged Smad2 and plasmids
expressing TBRI and TRRII (D), and subjected to gel filtration analysis and Western blotting with antibodies against Smad2/3 (top two panels)
and P-Smad2. Fraction numbers are indicated. The column was calibrated with standard molecular size markers; the centers of the elution peaks
corresponding to 44 kDa and 158 kDa are indicated.
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hydrophobic groove in the vicinity of the SIM-interacting
pocket that might also incorporate the trimer interface. Many
of these predicted binding pockets were ruled out because
mutation of potentially important residues in these pockets
had no effect on SIM or FM binding (Table 1). However, we
found one such groove that contained residues W368 and V373
of Smad?2 and also, depending on the Smad2 subunit, incorpo-
rated the Smad2/Smad2 or Smad2/Smad4 interface (Fig. 9D).
It is obviously not possible to mutate residues at the interface
involved in stabilizing complex formation without affecting the
ability of Smad2 to form complexes. However, we identified
V431 as a residue that lay within this groove, adjacent to the
trimer interface. Mutation of V431 to alanine resulted in a
mutant Smad2 that was phosphorylated and formed Smad
complexes efficiently (Fig. 9C). While the V431 mutant was
able to interact with the SIM almost as efficiently as does
wild-type Smad2 (Fig. 9B, compare lanes 1, 2 with 13, 14), it
could not interact efficiently with the FM (compare lanes 3, 4
with 15, 16).

Taken together with our knowledge that W368 and V373 are
required for FM binding, we propose a binding groove on the
Smad trimer for the FM (Fig. 9D). The FM binding site is a
hydrophobic groove that contains W368 and V373, and in-
cludes the Smad/Smad interface, adjacent to V431 (Fig. 9D).
Since the XFoxH1s are monomeric and interact with a Smad
complex containing two Smad2s (16), and given that the bind-
ing sites for the SIM and FM are partly overlapping, we pro-
pose that the SIM of XFoxH1a or XFoxH1b binds one Smad2
subunit, and the FM binds the other Smad2 subunit.

DISCUSSION

We have identified a new Smad?2 interaction motif, the FM,
present in all FoxH1 family members in their C-terminal do-
main, N-terminal to the previously identified SIM. The FM is
composed of two highly conserved regions, which we refer to as
FM1 and FM2. Dissection of these two submotifs in the con-
text of both XFoxHla and XFoxH1b has demonstrated the
particular importance of the proline-rich FM2 for binding
Smad2 and for mediating TGF-B-induced transcriptional acti-
vation. The FM does not interact with monomeric Smad2, even
if it is phosphorylated, but will only interact with phosphory-
lated Smad2 in a homomeric complex or in a heteromeric
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complex with Smad4. It is the first Smad interaction motif with
this property.

To guide our analysis of the interaction of the FM with the
activated Smad complex, we constructed a model of a Smad2/
Smad4 MH2 domain heterotrimer with a 2:1 stoichiometry,
since it is a Smad trimer containing 2 Smad2s and 1 Smad4 that
associates in vivo with the XFoxHl1s (16). We identified a
hydrophobic groove within the Smad2/Smad4 MH2 domain
trimer that we propose is the FM binding pocket (Fig. 9D). It
contains residues W368 and V373 that also interact with the
SIM. For SIM binding, W368 is critical for determining spec-
ificity, allowing the SIM to interact only with Smad2 (and
Smad3), and not with any of the other Smads (32). We propose
that it plays a similar role in FM binding, although other
properties of the FM allow it to distinguish between Smad2
and Smad3. However, whereas the SIM-binding pocket is dis-
tant from the trimer interface and involves residues N381 and
Y339 of Smad2 (Fig. 9D; Table 1) (32, 40), the proposed
FM-binding pocket extends instead towards the Smad inter-
face. We have identified V431, located adjacent to the trimer
interface within a hydrophobic groove that extends from resi-
due W368, as a residue required for FM interaction. Our
model predicts that the FM binds in this groove and runs along
or across the trimer interface. Indeed, preliminary docking
experiments using autodock software (22) indicate that the FM
can dock within this identified groove, such that FM1 interacts
with W368 and FM2 extends towards the interface (data not
shown).

With the identification of the FM it is clear that the FoxH1
family members, which are monomeric, have two Smad2-inter-
acting motifs and from recent studies of the stoichiometry of
active Smad-transcription factor complexes on DNA they have
been shown to interact with a Smad2-Smad2-Smad4 heterotri-
mer (16). We therefore propose that the SIM of the FoxH1
proteins binds to one Smad2 monomer and the FM to the
other; they would be unable to bind the same Smad2 monomer
as they require some of the same residues (W368 and V373)
for binding. In contrast, Mixer, which binds DNA as a dimer
(9) only contains one Smad interaction motif, the SIM.

The two Smad2 monomers in the heterotrimer are not iden-
tical, as only one has phosphoserines from the adjacent Smad2
subunit bound in its L3/B8 loop/strand pocket (the white sub-
unit in Fig. 8A and 9D). Our results do not indicate which

FIG. 9. Residues required for FM binding to Smad?2 are located in a hydrophobic pocket adjacent to the Smad trimer interface. (A) Solvent-
accessible surface representations of the predicted Smad2/Smad4 MH2 domain trimer, highlighting mutated residues in cyan. Panels i and ii are
identical but for a rotation about the horizontal axis. For orientation purposes, the phosphoserines from the pink subunit are colored red. The
figure was created using VMD (15), together with the Surf accessible-surface generator (37). (B and C) NIH 3T3 cells were transfected with
plasmids expressing wild-type or mutant (W368A, V373A, or V431A) HA,-tagged Smad?2 and plasmids expressing TBRI and TBRIIL. (B) Whole-
cell extracts were made from cells treated with or without TGF-8, incubated with immobilized wild-type Mixer SIM and XFoxH1a FM peptides,
and Western blotted for P-Smad2. Whole-cell extracts were blotted with anti-P-Smad2 and anti-Smad2/3 antibodies as a control (lower panels).
(C) Whole-cell extracts (WCE) were made from transfected NIH 3T3 cells induced with TGF- for 40 min and separated by gel filtration. Fractions
were concentrated and Western blotted for P-Smad2. Fraction numbers are indicated, and the column was calibrated as in Fig. 8. (D) Solvent-
accessible surface representations of the predicted Smad2/Smad4 MH2 domain trimer, highlighting important Smad2 residues in cyan, and
phosphoserines as in panel A in red. The Mixer SIM bound to the Smad2 MH2 domain (32) is shown in green, while the output from the PASS
program is shown in yellow as an area indicating a possible binding groove for the FM fragment, consistent with the experimental observations.
Panel i shows the SIM on one Smad2 subunit with the proposed FM-binding hydrophobic groove highlighted in yellow on the second Smad2
subunit, and panel ii gives the alternate arrangement. Residues on the pink Smad2 subunit are shown with primes. The FM and the SIM in
XFoxH1a and XFoxH1b obviously cannot bind to the same Smad2 subunit simultaneously.
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Smad?2 subunit the FM binds, but one piece of evidence sug-
gests that the FM may interact with the Smad2 subunit that
does not bind phosphoserines (the pink subunit in Fig. 8A and
9D). We assume that because the FM interacts with activated
homomeric Smad2 complexes in Smad4-null MDA-MB468
cells, it must recognize the Smad2/Smad2 interface. It may
therefore interact with the subunit that forms the Smad2/
Smad2 interface close to V431 (pink subunit in Fig. 9D), rather
than the other (white) subunit that interacts with Smad4 at the
interface close to residue V431 in Smad?2.

We have demonstrated that the FM discriminates between
active Smad2/Smad4 and Smad3/Smad4 complexes. This result
was very surprising, since the MH2 domains of Smad2 and
Smad3 are nearly identical (42). However, one striking differ-
ence between Smad2/Smad4 complexes and Smad3/Smad4
complexes is that the former are trimeric, but the latter have
been shown, at least when bound to the c-Jun Smad-binding
region, to be dimeric (16). Assuming the structure of the
Smad3/Smad4 dimer is as recently proposed (42), it is tempting
to speculate that the reason the FM does not bind Smad3/
Smad4 complexes is because the R-Smad subunit it binds in
the context of a Smad2/Smad4 trimer is missing (the pink
subunit in Fig. 9D). It is also possible that the Smad3/Smad4
complexes interact with other components that prevent FM
binding.

We propose that the presence of both an FM and a SIM in
the FoxH1s has three important biological consequences. First,
it allows the FoxHl1s to distinguish between monomeric inac-
tivated Smad2, and phosphorylated Smad?2 in active complexes
with Smad4. Second, it allows the FoxH1s to form very strong
complexes with activated Smads. We have demonstrated that
XFoxH1b can very effectively compete for activated Smad2/
Smad4 complexes with the transcription factor Mixer, which
only contains a SIM. This establishes a hierarchy between
Smad-interacting transcription factors determined by their af-
finity for Smad complexes. This may be important for deter-
mining cell type-specific responses to TGF-B ligands, which
would be sensitive to levels of active Smad2/Smad4 complexes
in the nucleus, thus providing a mechanism for interpreting
gradients of ligand activity. In cells therefore that coexpress
these transcription factors, genes containing AREs in their
promoters may be activated by TGF-B family members pref-
erentially to genes containing Mixer binding sites, when levels
of active Smads are limiting. Third, we have demonstrated that
the FM discriminates between endogenous Smad3/Smad4
complexes and Smad2/Smad4 complexes, and moreover,
XFoxHla preferentially binds activated endogenous Smad2/
Smad4 complexes at the ARE.

Previous results from others have shown that members of
the FoxH1 family can form complexes with Smad3, but this has
only been demonstrated with overexpressed Smad3, or with
recombinant Smad3 in vitro (18, 19, 24, 44, 45), and we have
confirmed this. The functional consequences of this interaction
were controversial since in some cases incorporation of Smad3
into an ARF complex was shown to act positively (18, 44, 45),
while in others it inhibited transcriptional activation (19, 24).
In contrast, in our experiments performed with endogenous
Smads, we demonstrate that the FM and XFoxH1a exhibit a
high degree of selectivity in their binding to Smad2 versus
Smad3. This property of the FoxH1 family members is poten-
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tially relevant in mouse and frog development, where FoxH]1,
Smad2 and Smad3 are coexpressed (4, 13, 14, 36, 38). In
addition, it is clear that in some regions of the early mouse
embryo, in particular the visceral endoderm, FoxH1 cooper-
ates exclusively with Smad2 and Smad4 for the maintenance
and amplification of Nodal transcription, as there is no Smad3
expressed in this region (26, 36). Also in Xenopus gastrula
embryos the XFoxH1s must cooperate with Smad2 and Smad4
as there is little or no Smad3 expressed at this time (14).

In conclusion, we have identified a new Smad2-interacting
motif in FoxH1 family members, which is the first such motif to
recognize only active Smad complexes, and to distinguish be-
tween activated Smad2 and Smad3. Since a Smad interaction
motif with this property will confer on transcription factors the
ability to bind only activated Smad2-containing complexes in
the nucleus, it will be very important to determine if the FM
exists in any other Smad2-interacting transcription factors, and
whether it is always found in association with a SIM.
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