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ABSTRACT

Smad proteins are important intracellular mediators
of TGF-� signalling, which transmit signals directly
from cell surface receptors to the nucleus. The MH1
domain of Smad plays a key role in DNA recogni-
tion. Two types of DNA sequence were identified
as Smad binding motifs: the Smad binding element
(SBE) and the GC-rich sequence. Here we report
the first crystal structure of the Smad5 MH1 do-
main in complex with the GC-rich sequence. Com-
pared with the Smad5-MH1/SBE complex structure,
the Smad5 MH1 domain contacts the GC-rich site
with the same �-hairpin, but the detailed interaction
modes are different. Conserved �-hairpin residues
make base specific contacts with the minimal GC-
rich site, 5′-GGC-3′. The assembly of Smad5-MH1 on
the GC-rich DNA also results in distinct DNA confor-
mational changes. Moreover, the crystal structure of
Smad5-MH1 in complex with a composite DNA se-
quence demonstrates that the MH1 domain is tar-
geted to each binding site (GC-rich or SBE) with mod-
ular binding modes, and the length of the DNA spacer
affects the MH1 assembly. In conclusion, our work
provides the structural basis for the recognition and
binding specificity of the Smad MH1 domain with the
DNA targets.

INTRODUCTION

The transforming growth factor-� (TGF-�) signaling path-
way regulates diverse biological processes including embry-
onic development and tissue homeostasis (1,2). Ligands of
the TGF-� superfamily can bring together two different
types of receptor Ser/Thr kinases (type I and type II recep-
tors) on the cell-surface, resulting in their oligomerization
and activation (3,4). Type I receptor kinases then activate
their downstream intracellular transcription factor Smad
proteins, resulting in ligand-induced transcription (5). As

the central player of the canonical TGF-� signaling path-
way, Smad proteins can be classified into three subclasses in
vertebrates: the receptor-regulated Smads (R-Smad, includ-
ing Smad1, 2, 3, 5 and 8), the common-mediator Smad (Co-
Smad, Smad4) and the inhibitory Smads (I-Smad, Smad6
and 7) (6). R-Smads and the Co-Smad share two conserved
domains connected by a proline-rich linker: the Mad ho-
molog domain 1 (MH1), which is essential for specific DNA
binding; and the Mad homolog domain 2 (MH2), which is
often responsible for protein-protein interactions (7,8).

The ligands of the TGF-� superfamily can be divided
into two major groups, TGF-�s and BMPs (bone morpho-
genetic proteins) (9). TGF-�s often induce the activation of
Smad2 and Smad3, whereas Smad1, 5 and 8 predominantly
respond to BMPs. The activation of R-Smad proteins re-
quires the specific phosphorylation of the ‘SXS’ motif at
the C terminus of the MH2 domain by type I receptor ki-
nases, which is necessary for the formation of heterotrimers
containing two phosphorylated R-Smads and one Smad4
molecule (10,11). Phosphorylated Smad complexes are then
translocated into the nucleus, and disparate Smad com-
plexes are selectively recruited to target genes (Supplemen-
tary Table S1). The Smad complex formed by activated
Smad2/3 and Smad4 proteins mostly binds to the 5′-GTCT-
3′ motif (the Smad binding element, SBE) (12–14). Many
TGF-�-responsive promoter regions contain one or multi-
ple copies of SBEs and tandem repeats of SBE can confer
TGF-� inducibility (13–16). The presence of multiple SBEs
might increase the binding affinity through the cooperative
interactions of the MH1 domains in the Smad complex.
In contrast, the Smad1/5/8-Smad4 complex prefers GC-
rich sites flanked by SBE motifs in vivo (17–21). The first
GC-rich sequence, GCCGnCGC, was originally identified
in Drosophila (22). In mammals, similar GC-rich sequences,
such as GCCG and GGCGCC, have been evaluated in
the promoter regions of several BMP target genes and fur-
ther studies have identified a Smad1/5 binding motif, the
GC-rich Smad binding element (GC-SBE) (19–21,23). The
difference in the DNA binding specificities of the TGF-�
and BMP Smad complexes contributes to different ligand-
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induced gene expressions, such as antagonism between the
two types of ligands in some biological processes (24–26).

As the MH1 domain of Smad is responsible for direct
DNA contact, understanding how the MH1 domain recog-
nizes DNA and how R-Smads–Smad4 complexes bind to
different DNA sequences is essential for delineating Smad
transcriptional programs. The first Smad-MH1/DNA com-
plex structure was that of the TGF-�-regulated Smad3
MH1 domain and a DNA sequence containing palindromic
SBE sites (27). A �-hairpin formed by �2 and �3 strands
of the MH1 domain is inserted into the major groove of
the DNA and establishes hydrogen bonds with nucleotides
in the SBE site. This mode of interaction is also conserved
in recognition of SBE DNA by the Smad1 (BMP Smad)
and Smad4 (Co-Smad) MH1 domain, validated by crys-
tal structures (28,29). However, in vitro DNA binding as-
says of Smad1/3/4 demonstrated that these three Smad
MH1 proteins possess different affinity and cooperativity
for binding to the palindromic SBE DNA (28,29). Simi-
larly, in the case of GC-rich DNA binding, EMSA assays
were performed using the Smad1/3/4 MH1 domains in
complex with a ‘GGCGCC’-containing DNA (28,29). The
Smad4 MH1 domain formed rather unstable monomeric
complexes, while both the Smad1- and Smad3-MH1 do-
mains were able to bind the DNA with a 2:1 ratio but with
different cooperative binding patterns. However, due to the
lack of direct structural evidences, the interaction mode of
the MH1 domain when complexed with the GC-rich DNA,
and the means by which Smad proteins discriminate be-
tween SBE and GC-rich DNA sequences remain elusive.
Homology modeling of the BMP-responsive Smad proteins
using the Smad/SBE structure as a template also failed to
provide a solution to this problem (30). Further to this, al-
though biochemical assays have also been performed in or-
der to resolve the DNA recognition of Smad (17), the mini-
mal binding module recognized by Smad-MH1 on the GC-
rich sequence is still unclear and the exact pairings of amino
acids and bases in base-specific DNA binding also need to
be determined.

In order to understand in more depth the mechanism of
DNA binding specificity of the Smad MH1 domain, we
conducted biochemical and structural analyses on mouse
Smad5-MH1. The electrophoretic mobility shift assays
(EMSA) demonstrated that the Smad5 MH1 protein could
recognize both SBE and GC-rich sites, and that it bound to
the GC-rich sequences in a highly cooperative manner. In
addition, we solved three structures of Smad5-MH1 in com-
plex with different types of DNA elements: a palindromic
SBE sequence, a palindromic GC-rich sequence (GC-BRE),
and a composite DNA sequence containing both SBE and
GC-rich sites (GCRj2). Among these structures, the Smad5
MH1 molecules recognize the two types of binding sites
(SBE and GC-rich) using the same DNA recognition �-
hairpin. However, the base-specific DNA bindings are pro-
vided by direct hydrogen bond interactions involving differ-
ent pairings of amino acids and bases. The 3-bp 5′-GGC-
3′ sequence represents the minimal GC-rich Smad binding
site. Compared with the 4-bp SBE sequence, the compressed
GC binding site would facilitate direct interactions between
the adjacent bound MH1 molecules on repeated GC-rich
sites, and would also induce different changes in the global

and local shape of the DNA duplexes. Our structures un-
ravel the mechanism of Smad-MH1 binding to the GC-rich
site and the modular binding mode of the MH1 domains to
multiple SBE or GC-rich sites. Therefore, this work provide
a more detailed illustration of the DNA binding mechanism
of Smad proteins, and the structural basis for an in-depth
understanding of BMP and TGF-� signaling.

MATERIALS AND METHODS

Protein and DNA preparation

Plasmids of the full-length mouse Smad5 and the full-length
human Smad3 were kindly provided by Dr. S.C. Lin (Xi-
amen University). The fragments of Smad5 MH1 (1–143)
and Smad3 MH1 (1–145) were generated by standard PCR
procedure and inserted into the pET21b and pGEX4T-1
vectors, respectively. Plasmids were transformed into the
E.coli BL21(DE3) strain. The cells were grown at 37◦C in
Luria-Bertani (LB) medium to an OD600 of approximately
0.6. Protein expressions were then induced with 0.2 mM
isopropyl-�-d-1 thiogalactopyranoside (IPTG) at 16◦C for
14 h. Cells were harvested by centrifugation and lysed by
sonication in buffer containing 50 mM Tris-HCl, pH 8.0
and 200 mM NaCl. The His6-tag fused Smad5 MH1 do-
main proteins were first isolated over Ni-NTA columns (Qi-
agen), while the GST-tagged Smad3 MH1 domain proteins
were first purified over Glutathione-Sepharose 4B columns
(GE Healthcare). The GST tag was removed by on-column
cleavage using thrombin. The eluted proteins from the affin-
ity columns were then subjected to cation exchange chro-
matography (SOURCE 15S, GE Healthcare) and eluted
with linear NaCl gradient. Fraction containing the Smad
MH1 proteins were concentrated by ultracentrifuge and
then subjected to size-exclusion chromatography (Superdex
200 10/300 GL, GE Healthcare) in a buffer containing 10
mM Tris-HCl, pH 8.0, 150 mM NaCl and 5 mM dithiothre-
itol (DTT). All proteins were stored at -80◦C and the pro-
tein purity was ≥95% as determined by SDS–PAGE. DNA
oligonucleotides used for EMSA and crystallization were
synthesized by Invitrogen. Single-stranded DNA was mixed
with an equimolar amount of a complementary strand and
annealed at 85◦C by slow cooling to room temperature over
a period of 5 hr. Double-stranded DNAs were stored at -
20◦C.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assays (EMSAs) were per-
formed as described previously (28), with a few modifica-
tions. Briefly, freshly thawed Smad MH1 proteins were se-
rially diluted, mixed with 1 �M dsDNAs and incubated at
4◦C for 1 h. Then, 8 �l of the reaction mixture was loaded
onto 10% native PAGE gels, electrophoresed using Tris-
Glycine buffer (25 mM Tris, pH 8.3, 192 mM Glycine) at
180 V for 30 min at 4◦C and the gel was stained with ethid-
ium bromide.

Crystallography and structure determination

Protein-DNA complexes were prepared by mixing dsDNA
with equimolar amounts of the Smad5 MH1 domain.
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All crystals were grown by the hanging-drop vapor dif-
fusion method at 21◦C. Crystals of Smad5-MH1/SBE
complex were grown by mixing the protein-DNA com-
plex with an equal volume of reservoir solution containing
15% PEG3350 and 0.2 M magnesium formate. Crystals of
Smad5-MH1/GC-BRE complex were grown in a reservoir
buffer containing 0.1 M Tris, pH 7.0, 12% PEG3350 and
0.2 M KNO3. Crystals of Smad5-MH1/GCRj2 complex
were obtained by mixing the protein-DNA complex with
an equal volume of reservoir solution containing 0.1 M Bis-
tris, pH 6.5, 0.2 M LiNO3, 8% PEG3350 and 5% glycerol.
All Crystals were equilibrated in a cryoprotectant buffer
containing reservoir solution supplemented with 30% glyc-
erol and then flash frozen in liquid nitrogen. All diffrac-
tion data sets were collected at beamline 17U at the Shang-
hai Synchrotron Radiation Facility and processed using the
HKL2000 (31). The structures were solved by molecular re-
placement using Phaser with the Smad1 MH1 molecule in
the Smad1/SBE complex (PDB id: 3KMP, chain A) as the
search model (28,32). The ideal dsDNA was manually fit-
ted to the strong electron density indicative of a DNA du-
plex in Coot (33). Further refinement was performed with
Coot and PHENIX (34). All residues were in the allowed
regions of the Ramachandran plot, as defined by MolPro-
bity (35). The data processing and refinement statistics are
summarized in Table 1. All structural representations in this
paper were prepared with PyMOL (http://www.pymol.org).
Topological DNA parameters were analyzed by program
Curves+ (36).

RESULTS

Cooperative binding of Smad5-MH1 to specific DNA ele-
ments

It was previously reported that the BMP-regulated Smad1-
MH1 domain exhibited a cooperative binding to the DNA,
while the TGF-�-regulated Smad3 bound in an additive
manner (28). To find out whether this mode of coopera-
tive DNA binding mode is conserved in BMP-responsive
Smad proteins, we performed gel mobility shift assays of
the Smad5- and Smad3-MH1 proteins binding to either
a palindromic SBE DNA or a palindromic GC-rich se-
quence (GC-rich BMP response elements, GC-BRE). In
accordance with previous results, Smad3 bound additively
to both the SBE and GC-BRE sequences. There were two
clearly observed shifted bands in the gel, with the lower
band representing one MH1 molecule bound to one DNA
duplex and the higher band representing two MH1 do-
mains bound to one DNA. However, Smad5-MH1 pre-
ferred to dimerize cooperatively on the palindromic DNA
sequences since the 1:1 protein-DNA complexes only ex-
ist at a low level of protein concentration (Figure 1A and
B). Therefore, both Smad5 and Smad1, which are BMP-
responsive Smads, exhibit a different mode of DNA bind-
ing when compared with the TGF-�-responsive Smad3.
Additionally, the Smad5 MH1 domain displayed a much
stronger cooperative binding to the GC-BRE sequence than
to the palindromic SBE sequence, in which the protein
almost formed a constitutive dimer on the GC-BRE se-
quence (Figure 1B). This phenomenon indicated that there
was an unknown mechanism by which two Smad5 MH1

molecules act cooperatively to assemble on the adjacent
GC-rich sites. Sequence analyses of the BMP-responsive
regions have also revealed that the GC-rich binding sites
are often flanked with SBE elements (18–21,23,37–39). We
therefore performed electrophoretic mobility shift assays to
examine the binding pattern of Smad5 to the cis-regulatory
sequences in BMP-responsive Id2 and Bambi, in which both
GC-rich and SBE sites are identified and separated by vari-
able length of spacer. Complexes of the Smad3 MH1 do-
main with DNA containing three repeats of the SBE mo-
tif were used as a molecular marker, as the additively bind-
ing pattern is adopted by Smad3 (Figure 1C and Supple-
mentary Figure S1). Similar to the binding results for the
GC-BRE sequence, Smad5-MH1 showed a highly cooper-
ative assembly on the sequence of Id2 and Bambi, in which
the band representing the MH1 monomer-DNA complex is
barely visible in the gel. These data suggested that the bind-
ing mechanism of the Smad5 MH1 domain to diverse DNA
sites might be different from that of the structural charac-
terized Smad proteins. Although the amino acid sequence is
highly conserved across the R-Smads (Figure 1D), the co-
operative DNA binding mode is favored by Smad5.

Classic interaction mode in the complex of Smad5-MH1 with
palindromic SBE DNA

In order to understand the mode of cooperatively bind-
ing of Smad5-MH1 on the target DNA sequences, we at-
tempted to determine the crystal structures of Smad5 in
complex with various responsive DNA elements. Firstly,
by using a DNA element derived from the previously re-
ported Smad1-MH1-DNA complex (28), we solved the
crystal structure of Smad5-MH1 in complex with a palin-
dromic SBE DNA sequence. This structure was refined to
a final Rfree value of 27.6% at 3.05 Å (Table 1). The final
model contains two monomers of Smad5-MH1 bound to
the palindromic 16-bp SBE DNA duplex in an asymmet-
ric unit (Figure 2A). Two MH1 monomers are arranged
around a non-crystallographic 2-fold axis and contact the
same 4-bp Smad binding element on opposite faces of the
DNA, similar to that observed in all reported Smad-MH1-
SBE complex structures (27–29,40). Each Smad5 MH1 do-
main adopts a globular fold consisting of four �-helices
(�1-�4) and six short �-strands (�1-�6) connected by loops
(Figures 1D and 2A). A zinc ion was modeled into the core
of the MH1 structure, coordinated by the conserved cys-
teine (Cys65, Cys110 and Cys122) and histidine (His127)
residues. Compared with previous Smad-SBE complexes,
Smad5-MH1 exhibit an ‘open’ structure with the helix �1
protruding into the body of a symmetry-related molecule,
similar to Smad1 (Supplementary Figure S2A and S2B).
Superimposing of the Smad5-MH1-SBE complex and the
Smad1-MH1-SBE complex results in a C� RMSD of 0.45
Å for 210 aligning residues.

In the Smad5-MH1-SBE complex, each of the two MH1
molecules binds identically and independently to the major
groove of a 4-bp Smad box, 5′-GTCT-3′ or 5′ -AGAC-3′.
Compared with the structures of the Smad1- and Smad3-
MH1 domains, the base-specific DNA contacts in Smad5
are conserved and virtually identical. The �-hairpin mo-
tif formed by �2 and �3 recognizes the SBE site, in which

http://www.pymol.org
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Figure 1. Cooperative binding of Smad5-MH1 to the DNA sequence. (A and B.) Binding of the Smad3 MH1 domain (left panel of the gel) and the Smad5
MH1 domain (right panel of the gel) to (A) palindromic SBE DNA; and (B) GC-BRE DNA. The DNA sequence in each assay is shown above the gel, in
which the SBE site are colored green and underlined by green line, while the GC-rich sites are colored in blue and highlighted in a blue box. The centre of
the palindromic sequence is marked with a black diamond. Protein concentrations used in EMSA assays were 0, 0.5, 1, 2, 3, 4, 5 �M (from left to right
in each panel of the gel) and the concentration of DNA is 1 �M. (C) Smad5-MH1 binding to the Id2 promoter element. The complexes of Smad3-MH1
binding to the Triple SBE DNA sequence (right panel of the gel) were used as molecular weight markers. The EMSA assays were performed as that in
Figure 1A and B. Sequence derived from Id2 promoter (-2781/-2762) and the triple SBE DNA sequence are shown above the gel in which the SBE and
GC-rich sites are displayed as that in Figure 1A and B. (D) Multiple sequence alignment of the Smad MH1 domains. Secondary structure elements as seen
in the Smad5 structures are placed on the top of the alignment. The code following each sequence is the corresponding UniProt ID. Amino acids that are
involved in the direct interactions with dsDNA are marked with a blue triangle, except His80 (Smad5 numbered) labeled with a red asterisk. The DNA
recognition �-hairpin is boxed. For clarity, a 30 amino acid insertion of Smad2 was omitted, indicated by a triangle.
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Table 1. Crystallographic data collection and refinement statistics

Smad5-MH1/SBE Smad5-MH1/GC-BRE Smad5-MH1/GCRj2
PDB ID code 4ZKG 4ZL2 4ZL3

Data Collectiona

Space group P 21 21 21 P 31 P 31
Cell dimensions

a, b, c (Å) 71.54, 74.50, 83.74 92.73, 92.73, 83.61 119.46,119.46, 93.07
�, �, � (◦) 90, 90, 90 90, 90, 120 90, 90, 120

Resolution (Å) 50.00–3.05 50.00–3.05 40.00–3.20
(3.10–3.05)b (3.14–3.05) (3.31–3.20)

Rmerge (%) 7.7 (44.4) 7.8 (59.6) 9.5 (55.6)
I/σ (I) 16.1 (4.7) 13.8 (2.6) 22.1 (4.5)
Completeness (%) 89.9 (100.0) 97.4 (100.0) 98.8 (100.0)
Redundancy 6.5 (7.2) 4.6 (4.8) 5.5 (5.7)
Refinement
Resolution (Å) 34.04–3.05 46.37–3.06 29.94–3.20
No. of reflections 7863 14738 24192
Rwork/Rfree

c (%) 23.0/26.2 25.0/27.4 24.5/28.9
No. Atoms

Protein/DNA 2624 4971 5744
Zinc 2 4 4

Average B-factors 85.7 120.9 123.9
R.m.s deviations

Bond lengths (Å) 0.006 0.006 0.005
Bond Angles (◦) 0.932 1.053 0.913

Ramachandran analysis (%)
Favored 95.9 91.4 94.5
Additionally allowed 4.1 8.6 5.5
Disallowed 0 0 0

aAll data sets were collected from a single crystal.
bValues in parentheses are for the highest resolution shell.
cRfree was calculated on a random 5.0% reflections of the data.

Arg75, Gln77 and Lys82 have contact with G5, G7’ and
A8’, respectively (Figure 2B and C). Similar to Smad1,
the ‘open’ N-terminus of Smad5 leads to the rearrange-
ments at helix �2 and the �1/�2 hinge, which results in
the impeding of several DNA contacts involving the he-
lix �2 seen in Smad3 (Supplementary Figure S2B) (27,40).
For instance, Lys33smad3 and Ser37smad3 on the helix �2
are engaged in direct DNA phosphate backbone interac-
tion in Smad3 while these contacts are disrupted in both
Smad1 and Smad5 (Figure 2C). Previous work on Smad1
has shown that the structural differences of Smad1 with
an ‘open’ and Smad3 with a ‘closed’ N-terminus could
influence their potential to homodimerize on composite
sites (28). With the open domain-swapped conformation,
Smad5 also exhibits a strongly cooperative binding to the
palindromic SBE DNA sequence, while Smad3 binds addi-
tively (Figure 1A). The four determined MH1-SBE complex
structures exhibit nearly identical protein-DNA interaction
mode, although helices �1 of these MH1 domains adopt
different conformations. The TGF-� responsive R-Smad,
Smad3, and the Co-Smad, Smad4, are both in the ‘closed’
state, while the two BMP-responsive R-Smads, Smad1 and
Smad5, have the ‘open’ conformation. The MH1 domains
of Smad1 and Smad5 also exhibited similar cooperative
bindings to the palindromic SBE sequence in the gel shift as-
says. However, it is noteworthy that Smad1 and Smad5 pos-
sess inherent specificities and are not always interchange-
able in vivo (41,42). As the DNA binding modes of their
MH1 domains are very similar, the selectivity of Smad1 and
Smad5 appears not to be achieved by the MH1 domain it-
self but instead through other mechanisms, such as the dif-

ferent transcriptional regulations for the two Smad genes
(43).

Complex structure of Smad5-MH1 with GC-BRE DNA

In addition to the well characterized SBE sites, BMP-
responsive Smad proteins are also often targeted to the GC-
rich sites (8). The 6-bp palindromic sequence 5′-GGCGCC-
3′ is widely accepted as a binding sequence for BMP-
responsive Smads (18,23,44). As shown in Figure 1B, the
Smad5 MH1 molecules bind more cooperatively to GC-
BRE DNA than to the SBE DNA, suggesting a distinct
mode for Smad5 to bind to the GC-rich sequences. To un-
ravel the mechanism of Smad-MH1 binding to the GC-rich
site, crystallization of the Smad5 MH1 domains complexed
with the GC-BRE sequence was performed and the best
sample diffracted to 3.05 Å (Table 1). The 14-bp DNA du-
plex in crystallization trials includes a central palindromic
5′-GGCGCC-3′ sequence flanked by 4 base pairs on each
end (Figure 3A). The asymmetric unit contains two protein-
DNA complexes with each containing two Smad5 MH1
monomers and a double-stranded DNA (Supplementary
Figure S3A). These two 2:1 protein-DNA complexes are
nearly identical with a C� RMSD of 0.25 Å for 212 align-
ing residues. Within the Smad5-MH1/GC-BRE complex,
two MH1 domains are located approximately on the same
sides of the DNA and both proteins bind to the same major
groove of the palindromic GC-BRE site (Figure 3A). The
two MH1 monomers adopt essentially an identical confor-
mation with an RMSD of 0.23 Å over 98 C� atoms. When
the N-terminal portion of Smad5 was modeled, the electron
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Figure 2. Crystal structure of Smad5-MH1 in complex with the palindromic SBE sequence. (A) Overall structure of the Smad5-MH1/palindromic SBE
complex. The Smad5 MH1 domains are colored in light blue, with the �-hairpin highlighted in marine. The zinc atoms are shown as spheres. The template
chain and the complementary chain of the dsDNA are shown in orange and yellow, respectively. The DNA bases of the central SBE site are shown as
sticks and colored in green. The DNA sequence used for crystallization is shown below the structure, with the central 8-bp palindromic SBE site underlined
and highlighted in green. (B) Base-specific interactions by the �-hairpin. Residues and DNA bases involved in specific binding are colored as marine and
green sticks, respectively. Hydrogen bonds are represented by blue dashed lines. (C) Diagram summarizing Smad5-MH1/SBE interactions. Non-interacting
nucleotides are omitted. Each copy of the SBE motif is shaded in dark green and light green, respectively. The conserved �-hairpin residues, Arg75, Lys82
and Gln77, are shaded in blue. Interactions between the amino acids and DNA bases are shown as blue solid lines, while the contacts with the DNA
phosphates are shown as black dashed lines.

density map suggested that all of the four Smad5 monomers
adopted the ‘closed’ conformation, in which helix �1 folds
back to pack against helices �2 and �3 (Supplementary
Figure S3B). Therefore, both the domain-swapped arrange-
ment and the fold-back conformation of Smad5-MH1 were
captured during our crystallization, in the SBE complexed
structure and the GC-BRE complexed structure, respec-
tively. This indicates that the MH1 domain of Smad5 could
change between these two conformations and that the al-
ternative conformations might be characteristic of the BMP
Smads.

In the Smad5-MH1/GC-BRE complex, each of the two
Smad5 MH1 domains recognizes half of the palindromic
GC-BRE sequence (GGC) through the �-hairpin motif
formed by �2 and �3 strands. The overall conformation

of the �-hairpin is identical, but it binds to the two target
sites (SBE and GC-rich) in different modes (Figure 3B, C
and Supplementary Figure S3C). Arg75 and Lys82, two of
the three invariant residues for SBE recognition, are still re-
sponsible for the base-specific contacts with the GC-BRE
site. Arg75 forms two hydrogen bonds with the O6 and
N7 of Gua5, which is the first base of the GC-BRE mo-
tif. Meanwhile, this bidentate interaction is reinforced by
additional hydrogen bound from the carboxylate of Asp73
to the guanidinium group of Arg75, which has also been
observed in Smad-SBE complexes. However, Lys82, which
contacts the last two stacked bases in the SBE box, inter-
acts with the diagonally-positioned DNA bases in the GC-
BRE motif, Gua6 (the second position of the GGC motif)
and Gua7’ (the complementary base of the third Cytosine
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Figure 3. Crystal structure of Smad5-MH1 in complex with the GC-BRE sequence. (A) Overall structure of the Smad5-MH1/GC-BRE complex. The
Smad5 MH1 domains are colored in light pink, with the �-hairpin highlighted in magenta. The zinc atoms are shown as spheres. The template chain and
the complementary chain of the dsDNA are shown in orange and yellow, respectively. The DNA bases of the central GC-BRE site are shown as sticks
and colored in cyan. The DNA sequence used for crystallization is shown below the structure, with the central 6-bp GC-BRE site boxed and highlighted
in blue. (B) Detailed interactions between the �-hairpin and the DNA bases. Three conserved �-hairpin residues and the DNA bases involved in specific
interactions are highlighted as magenta and cyan sticks, respectively. Hydrogen bonds are represented by blue dashed lines. (C) Schematic drawing of
Smad5-MH1 binding to the GC-BRE sequence. Non-interacting nucleotides are omitted. Each copy of the GC-rich motif is shaded in dark cyan and light
cyan, respectively. The conserved �-hairpin residues, Arg75, Lys82 and Gln77, are shaded in pink. Interactions between the amino acids and DNA bases
are shown as blue solid lines, while the contacts with the DNA phosphates are shown as black dashed lines.

in the GGC motif). These interactions are further stabi-
lized by the moderate contact between the side chains of
Lys82 and Gln77. Though Gln77 contacts the fourth base
of the SBE box, it is not involved in the base-specific in-
teraction in GC-BRE recognition. In addition to the base-
specific interactions, the �-hairpin also forms several DNA
backbone contacts with the DNA, including the interac-
tions mediated by amides of Leu72, Gln77, Ser79 and His80
with the phosphate groups of Gua7’, Cyt8’ and Gua9’, re-
spectively (Figure 3B and C). In addition to the recogni-
tion �-hairpin, two histidine residues (His101 and His102),
located N-terminal to the �4 stand, are in close proximity
to the backbone phosphate of the DNA, and the two imi-
dazole rings approach the DNA like a clamp (Supplemen-

tary Figure S3D). The two histidine residues are highly con-
served across R-Smads and the His-clamp is located closer
to the DNA than all other R-Smad/palindromic SBE com-
plex structures (27–29,40), which might contribute to the
reinforcement of the protein-DNA contacts. The protru-
sion of helix �1 into the ‘open’ conformation of Smad5 and
Smad1 disrupts several DNA contacts mediated by helix �2
in Smad3. However, no direct protein-DNA interaction in
helix �2 is seen in the Smad5-MH1/GC-BRE complex, de-
spite the N-terminal ‘closed’ conformation of the Smad5
MH1 monomer. In summary, our structure demonstrates
that the 5′-GGC-3′ sequence represents the minimal GC-
rich site recognized by the conserved �-hairpin of Smad5
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and this interaction is strengthened by multiple backbone
contacts.

The distinct structural characteristics of the Smad5-
MH1/GC-BRE complex

In the 2:1 Smad5-MH1/GC-BRE complex, we found that
the two MH1 molecules engaged in direct protein-protein
interaction with each other. Although the Smad5 MH1
domains adopt similar conformation for assembly on the
palindromic 5′-GGCGCC-3′ sequence as that on the palin-
dromic SBE sequence (5′-GTCTAGAC-3′), the compressed
6-bp GC-BRE site leads to a closer location of the two
MH1 domains on the DNA. The closest C�-C� distance be-
tween the two DNA bound MH1 molecules is only 5Å in the
Smad5-MH1/GC-BRE complex (Figure 4A and B), while
it is over 11Å in all of the Smad-MH1/SBE structures (Fig-
ure 4A and C). Therefore, in the Smad5-MH1/GC-BRE
complex, the imidazole ring of His80 of one MH1 domain
is able to contact the carbonyl oxygen of His80 in the other
one (Figure 4B). This Histidine residue located in the loop
connecting the �2 and �3 strands and this Ser-His dipeptide
at the tip of the DNA recognition �-hairpin are highly con-
served in all R-Smads (Figure 1D). Mutation of the histi-
dine residue in Smad5 resulted in a decreased binding affin-
ity with GC-BRE DNA, but the highly cooperative DNA
binding mode is retained (Figure 4D). However, the Smad5
H80A mutation had no effect on the binding to palindromic
SBE DNA (Supplementary Figure S4A). Therefore, the di-
rect intermolecular interaction observed in the structure
occurs while two MH1 molecules locate into the short 6-
bp GC-BRE site and these physical contacts further stabi-
lize the complex. Additionally, the N-terminus of helix �2
of one MH1 domain is also in close proximity to the N-
terminus of helix �2 of the other one in the 2:1 MH1-DNA
complex (Figure 4A). Although the linker between �2 and
�1 was not modeled due to poor electron density, the trend
of the peptide chain strongly suggests potential contacts be-
tween the two MH1 molecules. Collectively, direct protein-
protein interactions occur when two MH1 monomers bind
to the adjacent GC-rich sites which are more compact than
SBE repeats. These intermolecular interactions may not be
the driving force of the cooperative binding mode, but do
make a contribution to the stability of the hetero-oligomeric
complex.

The affinity, cooperativity and specificity of protein-
DNA interaction can also be largely affected by the shape
of DNA (45,46). Therefore, we analyzed the topology pa-
rameters of the Smad5-MH1 bound GC-BRE DNA using
Curves+(36) and compared it with the Smad bound SBE
DNA. The shape of the palindromic SBE DNA bound with
Smad5 are identical to those bound with other R-Smad or
the Co-Smad (Supplementary Figure S2C), and the Smad5
bound SBE DNA is mainly used in the following com-
parisons. The DNA duplex in the Smad5-MH1/GC-BRE
complex is not involved in the crystal-packing interactions
as one DNA duplex end is vertically packed against the
other from the symmetry-related molecule, resulting in a 90◦
twist. The GC-BRE DNA could be largely characteristic for
a standard B-form DNA with the exception of the strong
compression of the major groove within the central palin-

dromic binding site (Figure 4E and F). The width of the ma-
jor groove at the center of the 2-fold axis (GGC·GCC) is sig-
nificantly decreased, which is much more pronounced than
the Smad5 bound SBE DNA. However, the Smad5 bound
GC-BRE DNA exhibits the lowest overall bend (5.3◦) when
compared with all the R-Smad bound SBE DNA (15.6◦ for
Smad5, 14.5◦ for Smad1 and 19.8◦ for Smad3) (Figure 4F).
Other helical parameters of Smad5 bound GC-BRE DNA,
such as roll, twist, slide and shift, also exhibit differences
from the Smad5-bound SBE DNA (Supplementary Fig-
ure S4B-S4E). For example, at the palindromic center, nei-
ther the roll angle nor the twist angle is sharply changed in
the GC-BRE DNA, while the corresponding angles in SBE
DNA undergo pronounced deviations. Therefore, two MH1
monomers squeeze into the same major groove of the GC-
BRE binding site and lead to a largely compressed major
groove, indicating that these conformational changes could
affect the cooperativity of Smad5 binding to different DNA
sequences.

Structure of the Smad5 MH1 domains bound with composite
Smad elements

In BMP signaling, the composite Smad binding sequences
which contain both the GC-rich and SBE sites have been
identified in many target genes and are often required for
full BMP responsiveness (23). As shown in Supplementary
Table S1, these composite sequences contain a 6-bp GC-rich
element, flanked by one or multiple SBE sites. To unravel the
molecular mechanism of Smad-MH1 recognizing adjacent
GC-rich and SBE sites, crystallization trials of Smad5-MH1
in complex with several native composite DNAs were car-
ried out, but no crystal appeared (Supplementary Table S2).
We therefore modified the DNA sequence by adding SBE
site to both ends of the palindromic GC-rich elements (5′-
GGCGCC-3′or 5′-GCCGGC-3′) and/or varying the spacer
length between the GC-rich and SBE sites. The Smad5-
MH1 protein binds to all these native and modified com-
posite sequences in a highly cooperative manner (Figure 1C,
Supplementary Figures S1, S5A and S5B). After exten-
sive attempts, a DNA duplex (GCRj2) comprising a central
palindromic GCCGGC sequence flanking with a 4-bp sin-
gle SBE element on both ends produced good diffracting
crystals to 3.2 Å resolution (Figure 5A and Table 1). Al-
though the data set is at medium resolution, the molecular
replacement solution was robust and yielded an initial elec-
tron density that was good enough to reveal the location of
DNA phosphate backbones and base stacks, as well as the
MH1 domains. All 22 nucleotides of the GCRj2 DNA were
identified in the model, and the dsDNA molecules form
pseudo-continuous duplexes in which the thymine (T) over-
hang of one duplex pairs with the adenine (A) nucleotide
overhang of another symmetric molecule. There are four
Smad5 MH1 domains and two duplexes of DNA molecules
in an asymmetric unit (Supplementary Figure S5C). Each
two MH1 domains bind to one GCRj2 DNA, forming a
2:1 protein-DNA complex, and each of the sequentially ar-
ranged MH1 domains on one DNA duplex adopts a simi-
lar ‘open’ conformation and protrudes its helix �1 to con-
tact the hydrophobic interface formed by helix �2 and �3
of the MH1 monomer on another DNA duplex, generat-
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Figure 4. Structural comparisons between the Smad5-MH1/GC-BRE complex and the Smad5-MH1/SBE complex. (A) Structural superposition of the
Smad5-MH1/GC-BRE complex with the Smad5-MH1/SBE complex. The color codes for the Smad5-MH1/SBE complex and the Smad5-MH1/GC-BRE
complex follow that in Figures 2A and 3A, respectively. (B and C) Magnification of the region boxed in Figure 4A, displaying the relative position of two
His80 residues from the two co-binding MH1 molecules in (B) the Smad5-MH1/GC-BRE complex and (C) the Smad5-MH1/SBE complex. (D) EMSA
of Smad5-MH1 wild type (left panel of the gel) and H80A mutant (middle panel of the gel) bound to 1 �M of GC-BRE DNA. The protein concentrations
used were 0, 1.25, 2.5, 3.75, 5, 6.25 �M (from left to right in each panel). The Smad3-MH1/SBE complex is shown as a molecular weight marker at the right
panel of the gel. (E) Major groove depth and width are calculated using Curves+ for the Smad5-MH1 bound SBE DNA (green squares) and GC-BRE
DNA (blue circles). Parameters for ideal B DNA are shown as grey triangles. (F) Overlay of the helical axes calculated with Curves+. Cartoons of the
Smad5-MH1 bound SBE DNA (green), GC-BRE DNA (blue) and the ideal B DNA (grey) illustrate the differences within the overall curvature of the
double helix.

ing an integral 4:2 protein-DNA complex in the asymmet-
ric unit. The two 2:1 protein-DNA complexes in one asym-
metric unit are almost identical with a C� RMSD of 0.51
Å for the overall 217 atoms. Within the GCRj2 DNA se-
quence, there are four potential MH1 binding sites, the cen-
tral two GC sites (GCC and GGC) and two flanking 4-bp
SBE boxes (AGAC and GTCT) (Figure 5A). The EMSA
assay demonstrates that the assembly of Smad5-MH1 on
the GCRj2 DNA exhibits a significantly cooperative bind-
ing pattern and forms an oligomeric complex (Supplemen-
tary Figure S5B). However, in the crystal structure, only two
MH1 monomers are located at two distant sites of the se-
quence, the first half of the GC-rich site (‘GCC’ site, Site
2) and the 3′-terminus single SBE box (‘GTCT’ site, Site 4)
(Figure 5A and B). Were the open conformational Smad5-
MH1 to be located at either Site 1 or Site 3, its helix �1
would severely clash with the symmetric molecule. There-
fore, it is impossible for four MH1 molecules to be recruited
to the consecutive binding sites in the crystal structure due
to the crystal packing.

Similar to our other two MH1-DNA complex structures,
bindings of Smad5-MH1 to Site 2 and Site 4 of the GCRj2
DNA are also mediated by the conserved �-hairpin (�2 and
�3), which inserts into the major grooves of the DNA du-
plex of the target sites. The two binding sites are separated
by four base pairs and are located on the opposite faces of
the dsDNA. The 5′-GCC-3′ site is the reverse complement
of the single copy of the minimal GC-rich site (5′-GGC-
3′). Indeed, the Smad5 MH1 domain uses a similar protein-
DNA interaction mode to recognize the 5′-GCC-3′ site in
GCRj2 as it binds to the GC-BRE sequence. Arg75 inter-
acts with O6 and N7 of Gua11’ while Lys82 makes base-
specific contacts with the diagonally positioned Gua9 and
Gua10’ (Figure 5B and Supplementary Figure S5D). In the
single SBE site which was bound by Smad5, the interactions
involve the same �-hairpin residues as those acting in recog-
nition of the palindromic SBE sequence, but they formed
slightly different amino acid-base contacts (Figure 5B and
Supplementary Figure S5E). The conserved residues, Arg75
and Gln77, still make base-specific contacts with G16 and
A19’, respectively. However, the rotation of the side-chain of
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Figure 5. Crystal Structure of Smad5-MH1 in complex with a composite DNA element (GCRj2). (A) Overall structure of the Smad5-MH1/GCRj2
complex. The GCRj2 DNA sequence used for crystallization is shown at the bottom and potential binding sites are labeled. The Smad5 MH1 domains
bound to the GC-rich site and the SBE site are shown as that in Figures 3A and 2A, respectively. The DNA bases of Site 2 (GC-rich site) and Site 4 (SBE
site) are highlighted as sticks and colored in cyan and green, respectively. (B) Schematic representation of the interactions between the Smad5 MH1 domain
and the GCRj2 sequence. Amino acids and DNA bases in the recognitions of Site 2 and Site 4 are shown as that in Figures 3C and 2C, respectively.

Lys82 allows it to contact the diagonally positioned DNA
bases, T17 and G18’ of the single SBE site, while failing to
contact Gln77. Apart from the base-specific recognitions,
the phosphate backbone contacts at two Smad binding sites
are similar, mediated by the main-chain amides of Ser71,
Leu72, Gln77 and Ser79, as well as the imidazole ring of
His101 and His102. Therefore, together with structures of
the Smad5-MH1-SBE complex and the Smad5-MH1-GC-
BRE complex, the complex structure of Smad5-MH1 and
the composite GCRj2 DNA demonstrates that the mini-
mal binding sites for the Smad MH1 domain are 5′-GGC-
3′ (GC-rich site) and 5′-GTCT-3′ (SBE site), and that the
heterotrimeric Smad complex can recognize the composite
sites through a modular binding mode.

DISCUSSION

Smad 1/5/8 are the mediators of BMP signaling, and direct
binding of the proteins to the target sites is fundamental to

signaling transduction. Both GC-rich and SBE sites are re-
quired for full BMP-responsive gene expressions, but previ-
ous research has only revealed how R-Smads and the Co-
Smad recognize and directly bind to the SBE site (27–29).
The 6-bp GC-rich sequence 5′-GGCGCC-3′ (GC-BRE)
and its variant sequences are enriched in the cis-regulatory
elements of multiple BMP-responsive genes (Supplemen-
tary Table S1) (18,20,21,23,44). The in vitro binding as-
say demonstrated that GC-BRE DNA is contacted by two
MH1 domains of R-Smads (17). Through mutational anal-
ysis and homology modeling, it was proposed that recog-
nition of the GC-rich site by MH1 employs all three �-
hairpin contacting residues to bind to the SBE site (Arg75,
Gln77 and Lys82, numbered in Smad5). Compared with
the 8-bp palindromic SBE motif, the GC-rich site spans
only 6 base pairs, therefore previous model suggested that
two �-hairpins from each MH1 domain point toward each
other and overlap across the two central base pairs (17).
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Figure 6. Analysis of the binding of Smad5-MH1 to the composite DNA
elements. (A) Modeled structure of the Smad MH1 domains in complex
with a DNA sequence in Id2 promoter. The DNA sequence is shown at the
bottom as that in Figure 1C. Two molecules of Smad5-MH1 (derived from
Smad5-MH1/GC-BRE complex structure) and one molecule of Smad4
MH1 domain (derived from PDB id: 3QSV) are modeled to the Id2 pro-
moter DNA. The DNA duplex is shown as a white surface with the GC-
rich site and SBE site colored in cyan and green, respectively. The MH1
domains of Smad4 and Smad5 are colored in light pink and light blue,
respectively. The C-terminals of each MH1 protein are labeled. (B) As-
sembly of Smad5-MH1 on composite DNA elements with different linker
lengths. EMSA assays were performed in the presence of 2.1 �M Smad5-
MH1 protein and 1 �M DNA with different linker lengths between the
bipartite elements. Error bars are plotted as ±SEM from at least three in-
dependent experiments. Representative EMSA assays of the Smad5 MH1
proteins binding to these DNA variants are shown in Supplementary Fig-
ure S6.

Here we report the first crystal structure of the Smad MH1
domain binding to the GC-rich DNA sequences, thus re-
vealing the binding mode of Smad proteins to the differ-
ent types of DNA sequences. Our structures demonstrate
that the 3-bp site, 5′-GGC-3′, represents the minimal GC-

rich binding motif for Smad, which can exist as a single
copy or in a palindromic repeated form. The �-hairpin
of the MH1 domain contacts the specific DNA bases at
the major groove both in the GC-rich site and the SBE
site, and the base-specific DNA bindings are enabled by
direct hydrogen bond interactions involving different pair-
ings of amino acids and bases. The rearranged amino acid-
base contacts allow the accommodation of two MH1 do-
mains at the same side of the compressed 6-bp GC-rich site.
Moreover, the compact binding mode results in direct in-
termolecular contacts between the two MH1 domains, me-
diated by a histidine residue in the loop region of the �-
hairpin (His80 in Smad5). This residue is highly conserved
among R-Smads but is replaced by glycine in Smad4. It
was reported that substitution to a bulky residue in place
of this histidine in Mad (R-Smad homologue in Drosophila)
caused a substantial reduction in the binding affinity for the
target gene (17). Here we also show that the H80A mutant
of the Smad5-MH1 exhibits impaired binding affinity but
still allows cooperative binding to the GC-BRE sequence.
However, Smad3 binds to the GC-BRE sequence in a less
cooperative manner, despite its identical �-hairpin consti-
tution with Smad5, while the Smad4 MH1 domain forms a
rather unstable monomeric complex. Taking together, these
data suggest that the histidine residue would assist in facil-
itating the binding of two MH1 domains to the symmet-
ric GC-BRE sequence, but the driving force for the specific
binding patterns adopted by each Smad protein is compre-
hensive.

Hydrogen bonds provide specificity in amino acid-base
interaction in most protein-DNA complexes (45–47). While
inspecting the base-specific contacts of Smad binding to the
SBE (5′-GTCT-3′) or GC-rich sites (5′-GGC-3′), we found
that Arg75 and Lys82 always make conserved residue-base
contacts with the two guanines at position 1 and 3′ of the
SBE or GC-rich motifs. Lys82 can be a multiple donor
amino acid upon DNA binding. It makes hydrogen bonds
with position 4′ and Gln77 in the palindromic SBE bind-
ing, or with position 2 in single SBE site. While binding to
the GC-rich site, Lys82 contacts guanine at position 2 and
the carbonyl group of Gln77. Moreover, Gln77 makes ad-
ditional contact with the adenosine base at position 4′ in
SBE but not in the GC-rich DNA recognition. Specificity
conveyed through hydrogen bonds depends on the num-
ber of contacts formed between protein residues and DNA
bases and also on the uniqueness of the hydrogen bonding
geometry (45). Therefore, the different bidentated hydro-
gen bonds conducted by Lys82 and Gln77 imply a higher
binding affinity and specificity for Smad-MH1 to the 5′-
GTCT-3′ single site than to the 5′-GGC-3′ site. In addition,
it was proposed that the DNA structure substantially af-
fects protein–DNA binding through indirect readout mech-
anisms (45,46). We therefore analyzed the DNA parameters
in the GC-rich sequence or the SBE sequence and found
distinctive changes in the DNA shapes of different bind-
ing sequences. In the palindromic SBE site, the symmetric
center is strongly overwound and has an increased depth of
the minor groove, whereas in the center of the palindromic
GC-BRE site, there is a remarkable reduction in the width
of the major groove, which could stabilize the binding of
the protein. Therefore, our structures demonstrated that al-
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though the DNA-recognition �-hairpin is conserved in all
R-Smads and the Co-Smad, Smad-MH1 can use both the
base readout and the local DNA shape readout mechanism
to recognize the GC-rich and SBE DNA sequences. Ad-
ditionally, Smad protein can bind to certain SBE variants
(such as GGCTT or GACG) or diverse GC-rich elements
(such as GRCGNC) found by genome-wide sequence anal-
ysis (21,48). For efficient binding, all of them would need to
retain the crucial bidentate contacts between Arg75 and the
guanine at position 1. The relaxed binding specificity is sat-
isfied by the bifurcated bonds from Lys82 or Glu77, as the
Lys82 residue has the ability to form interactions with the
directly stacked or diagonally positioned DNA bases pairs.
Thus, the interaction modes illuminated in our crystal struc-
tures shed light on the mechanism of both DNA binding
specificity and degenerate bases tolerance.

Decapentaplegic (Dpp) is a well-characterized TGF-
�/BMP family member in Drosophila. Previous studies have
identified two short DNA motifs in Dpp signaling, SE and
AE (silencer element and activating element, respectively).
Both of these two motifs are bipartite elements consisting
of a GC-rich site bound by Mad and a SBE site bound
by Medea, and spaced by several nucleotides (4-bp for AE
and 5-bp for SE, respectively) (38,49). The transcription re-
sponse activity of SE strictly depends on the linker length,
while some spacer flexibility is allowed in AE. However, the
linker-length does not restrict the formation of the Mad-
Medea complex in vitro in both cases. Such bipartite ele-
ments have also been found in many BMP-responsive genes
in other species (Supplementary Table S1). To investigate
the binding mode of Smad on native bipartite elements,
we modeled the complex of three MH1 monomers binding
with a sequence from Id2, based on the structures of Smad-
MH1 in complex with either the SBE or GC sequences (Fig-
ure 6A). Two Smad MH1 domains contact the GC-BRE
sequence while one Smad MH1 monomer binds with the
single SBE site which is separated by a 5-bp spacer from
the GC-BRE site. There is sufficient space for the Smad C-
terminal MH2 domains to become involved. In addition,
we changed the length of the spacer in the Id2 sequence
and examined the assembly of the Smad5 MH1 domains
on these DNA mutants (Supplementary Figure S6). At a
represented concentration, the Smad5 MH1 molecules co-
operatively bind with the Id2 DNA and they form a 3:1
protein-DNA complex. Interestingly, the maximum bind-
ing occurs at the 3–4 bps spaced DNA mutants while the
affinity to the 2-bp spaced one remains higher than that of
the native DNA (Figure 6B). Moreover, DNA mutants with
a 6-bp linker or no spacer exhibited a dramatically unsta-
ble binding to the Smad5 MH1 domain, with the complex
migrating as poorly resolved bands in the gel (Supplemen-
tary Figure S6D). Even though the linker variation does not
significantly influence the assembly of the three MH1 do-
mains on the composite binding site, it would greatly change
the location pattern of the heterotrimeric Smad complex on
the DNA sequence. Because precise distances and hydro-
gen bond numbers have great significance in energy func-
tion, these apparently similar interactions actually give rise
to distinct energetic patterns for individual Smad proteins
to the DNA. Numerous studies have suggested that Smad
transcription complexes often colocalize with other master

transcription factors that specify and maintain the cell iden-
tities (50–53). Therefore, we suggest that the spacer region in
the bipartite element together with the cooperative actions
of Smad proteins with their cofactors may influence the as-
sembly of the different transcription complexes on target
sequences, which can lead to diverse gene regulations and
phenotype changes.
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