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The Smad family of proteins mediates transforming
growth factor-␤ signaling from cell membrane to the
nucleus. In the nucleus, Smads serve as transcription
factors by directly binding to specific DNA sequences
and regulating the expression of ligand-response genes.
A previous structural analysis, at 2.8-Å resolution, revealed a novel DNA-binding mode for the Smad MH1
domain but did not allow accurate assignment of the
fines features of protein-DNA interactions. The crystal
structure of a Smad3 MH1 domain bound to a palindromic DNA sequence, determined at 2.4-Å resolution,
reveals a surprisingly important role for water molecules. The asymmetric placement of the DNA-binding
motif (a conserved 11-residue ␤-hairpin) in the major
groove of DNA is buttressed by seven well ordered water
molecules. These water molecules make specific hydrogen bonds to the DNA bases, the DNA phosphate backbones, and several critical Smad3 residues. In addition,
the MH1 domain is found to contain a bound zinc atom
using four invariant residues among Smad proteins,
three cysteines and one histidine. Removal of the zinc
atom results in compromised DNA binding activity.
These results define the Smad MH1 domain as a zinccoordinating module that exhibits unique DNA binding
properties.

TGF-␤1 signaling plays an important role in the development
and homeostasis of all metazoans (1, 2). TGF-␤ signaling from
plasma membrane to the nucleus is mediated by the Smad
family of proteins (1, 3–7). The receptor-regulated Smads (RSmads) include Smad1, -2, -3, -5, and -8, each of which is
involved in an agonist-specific signaling pathway. The Co-mediator Smad (Co-Smad), namely Smad4 in vertebrate, is an
obligate partner for all R-Smads and participates in signaling
by diverse TGF-␤ family members. Upon ligand activation, a
specific R-Smad is phosphorylated by a corresponding receptor
Ser/Thr kinase. The phosphorylated R-Smad is translocated
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into the nucleus and forms a functional signaling complex with
Smad4 to modulate expression of the ligand-responsive genes.
Essential to their function, both R-Smad and Smad4 exhibit
sequence-specific DNA binding activity.
The Smad proteins, about 400 –500 amino acids in length,
consist of highly conserved MH1 and MH2 domains. The MH2
domain is responsible for the formation of homomeric as well as
heteromeric Smad complexes, whereas the MH1 domain exhibits sequence-specific DNA binding activity and negatively regulates the function of the MH2 domain. The DNA binding
activity of the MH1 domain is central to Smad-mediated function (8, 9).
Investigation on transcriptional activation by Smad proteins
has revealed a complex pattern involving multiple proteins and
diverse response promoter elements (10 –12). Using a PCRbased random-oligonucleotide selection process, an 8-bp palindromic DNA sequence, 5⬘-GTCTAGAT-3⬘, was identified as the
Smad-binding element, or SBE (13). Extensive DNA mutagenesis verified that this SBE indeed represents the optimal DNAbinding sequence for Smad3 and Smad4.
The crystal structure of a Smad3 MH1 domain bound to a
16-bp DNA containing the SBE sequence was determined at
2.8-Å resolution (14). The Smad MH1 domain appeared to
adopt a unique fold, with little resemblance to other known
structures. In the MH1 domain, a protruding 11-residue
␤-hairpin was identified as a novel DNA-binding motif, which
makes specific contacts to the DNA bases and the backbone
phosphate groups in the major groove (14). However, due to the
relatively low resolution, the solvent molecules could not be
explicitly considered for specific DNA contacts. Consequently,
in the close vicinity of the base-contacting residues in the major
groove, there was some electron density that could not be
accounted for.
To reveal the fine features of DNA binding by the Smad MH1
domain, we generated better crystals of a Smad3 MH1-DNA
complex and solved its structure at 2.4-Å resolution (Table I).
In the final refined model, water molecules were found to play
an extremely important role, mediating a number of significant
contacts between residues in MH1 and specific bases and phosphates in the SBE DNA. Compared with the low resolution
structure, 17 more hydrogen bonds are now in place to buttress
the specific recognition of the SBE by the MH1 domain. We also
identified a bound zinc atom in the MH1 domain. Removal of
zinc using EDTA leads to a compromised DNA binding activity.
These results define the Smad MH1 domain as a zinc-coordinating module that exhibits unique DNA binding properties.
EXPERIMENTAL PROCEDURES

Protein and DNA Preparation—Recombinant Smad3 MH1, corresponding to residues 1–145, was overexpressed and purified as described (14) except that 100 M zinc chloride was included throughout
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purification. The 16-bp DNA (SBE) was synthesized as described previously (14).
Crystallization and Data Collection—The preparation and crystallization of a Smad3 MH1-DNA complex were similar to those described
earlier (14) except the inclusion of 5 mM spermine in the well buffer.
This additive resulted in a significant improvement for the size as well
as resistance to radiation damage of the crystals. The crystals are in the
monoclinic space group P21, with unit cell dimensions a ⫽ 45.5 Å, b ⫽
60.2 Å, c ⫽ 71.4 Å, ␤ ⫽ 102.0 degrees, and contain one complex in the
asymmetric unit. Diffraction data were collected using an R-AXIS-IV
imaging plate detector mounted on a Rigaku 200HB generator at room
temperature. The data were processed using Denzo and Scalepack (15).
Refinement—Both the unit cell dimensions and space group are the
same as those reported earlier (14). Thus the atomic coordinates of the
2.8 Å structure of a Smad3 MH1-SBE complex were directly subjected
to refinement using CNS (16) after removal of all water molecules. The
refined model was checked against the calculated electron density using
the program O (17). The electron density for both the zinc atoms and the
well ordered water molecules was excellent after preliminary refinement. A total of 47 water molecules were built into the atomic model
over five cycles of refinement, each involving positional as well as
individual B factor refinement. The final refined model contains two
molecules of Smad3 MH1 (residues 7–132 and 9 –132, respectively), a
15-bp DNA duplex, 47 well ordered water molecules, and two zinc
atoms. Residues at the N and C termini have no electron density in the
maps, and we presume that these regions are disordered in the crystals.
Electrophoretic Mobility Shift Assay—DNA-binding assays were performed as described previously (14). The SBE sequences used were
5⬘-GTATGTCT AGACTGAA-3⬘.
RESULTS

The Smad MH1 domain contains a novel DNA-binding motif,
an 11-residue ␤-hairpin embedded asymmetrically in the major
groove of DNA. The crystals used in the previous study were of
poor quality and small size; the native data set was derived
from a total of seven small crystals as the crystals were extremely susceptible to radiation damage by the X-rays (14).
Consequently, due to the relatively low resolution of 2.8 Å, the
previously reported structure does not allow an accurate understanding of the fine features of interactions between DNA
and the MH1 domain. There was also some electron density in
the MH1 domain that could not be explicitly accounted for. To
resolve these ambiguities, we tried to improve the diffraction
limit by generating larger crystals. We screened a large number of additives and precipitants and were able to significantly
improve crystals of the Smad3 MH1 domain (residues 1–145)
bound to a 16-bp SBE sequence using 5 mM spermine as an
optimal additive. The structure, determined on the basis of a
single crystal, has been refined to a resolution of 2.4 Å (Table I
and Fig. 1).
The new structure allowed visualization of three additional
DNA bases and four more residues in the MH1 domain. As
anticipated, the overall structure is similar to that reported
earlier (14). 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⬘, making hydrogen bond contacts to
the bases and to the phosphodiester backbones of the DNA (Fig.
1). The Smad3 MH1 domain adopts a compact globular fold,
with four ␣-helices, six short ␤-strands, and five loops. The
MH1 domain employs a ␤-hairpin, formed by strands B2 and
B3, to contact DNA in the major groove. The ␤-hairpin, protruding outward from the globular MH1 core, is rigidly held in
place by networks of hydrogen bonds both within itself and
between itself and DNA (Figs. 1 and 2).
Despite an overall similarity, the new structure exhibits two
significant and prominent features that are absent in the reported structure (14). A number of well ordered water molecules make extensive networks of hydrogen bonds to both residues in the ␤-hairpin and the DNA bases and phosphate
backbones as well as among each other (Figs. 1B and 2). For
each ␤-hairpin, the associated water molecules make hydrogen

TABLE I
Data collection and statistics from the crystallographic analysis
Rsym ⫽ ⌺h⌺i兩Ih,i ⫺ Ih兩/⌺h⌺iIh,i, where Ih is the mean intensity of the i
observations of symmetry related reflections of h. R ⫽ ⌺兩Fobs ⫺ Fcalc兩/
⌺Fobs, where Fobs ⫽ FP, and Fcalc is the calculated protein structure
factor from the atomic model (Rfree was calculated with 5% of the
reflections). r.m.s.d. in bond lengths and angles are the deviations from
ideal values, and the r.m.s.d. deviation in B factors is calculated between bonded atoms.
Data set

Native

Resolution (Å)
Total observations
Unique observations
Average I/ (outer shell)
Data redundancy (-fold)
Data coverage (outer shell)
Rsym (outer shell)

99.0–2.4
68,907
14,360
33.7 (5.3)
4.8
95.9% (82.5%)
0.051 (0.166)

Refinement

Resolution range (Å)
Number of reflections (I ⬎ 2 )
Rworking/Rfree
Number of total atoms
Number of waters
Number of zinc atoms
r.m.s.d. bond length (Å)
r.m.s.d. bond angles (degree)
Average B factor

15–2.4
13,219
21.2%/27.0%
2726
47
2
0.005
1.265

All Protein All water
atoms atoms molecules

55.85 56.20

44.56

Water
(bound to DNA)

34.98

bonds to both strands of the DNA (Fig. 2). Supporting a critical
role for these water molecules, the average temperature factor
(B factor) is only 34.98 for the 14 water molecules that are
bound to the ␤-hairpin and DNA (Table I and Fig. 1B). This
value is lower than the average B factor for all solvent molecules, 44.56, or for all protein atoms, 56.20.
These 14 solvent molecules, symmetrically located on the
palindromic SBE, make a total of 28 hydrogen bonds to stabilize DNA recognition by the two Smad MH1 domains, with
seven water molecules involved in DNA binding by one MH1
domain (Figs. 1B and 2). Among these seven water molecules,
w6 and w2 make direct hydrogen bonds to the third and fourth
bases of the 5⬘-GTCT-3⬘ sequence, respectively, whereas w1,
w3, w5, and w7 hydrogen bond to the phosphate groups of the
DNA backbone (Fig. 2 and Table II). The last water molecule
w4 connects with w1, w5, and the side chain carboxylate of
residue Asp72 through hydrogen bonds (Fig. 2 and Table II).
Although the overall DNA-binding mode in this structure is
very similar to that reported in the 2.8-Å structure, there are
significant differences. The unambiguous and important role of
solvent molecules in DNA-binding was not characterized in the
2.8-Å structure. In addition, some residues in the ␤-hairpin
that specifically recognize DNA bases did not appear to have an
ideal conformation. For example, the distance between the O⑀1
atom of Gln76 and the N6 atom of the base A8⬘ was 3.35 Å (14);
in this 2.4 Å structure, the distance is refined to 2.98 Å (Table
II), which is better suited for a hydrogen bond. More importantly, one additional base-specific hydrogen bond was identified between the N atom of Lys81 and the O6 atom of the base
G7⬘ (Fig. 2 and Table II).
Another interesting structural feature is that the Smad3
MH1 domain coordinates a bound zinc atom, using three cysteine residues, Cys64, Cys109, and Cys121, and one histidine,
His126. All four residues are invariant among members of the
Smad family as well as their homologues in Drosophila and
Caenorhabditis elegans, suggesting the conserved nature of
zinc binding (Fig. 3A). This zinc atom is deeply buried in the
MH1 structure; even the four coordinating residues are com-
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FIG. 1. Structural features of the
Smad3 MH1 domain bound to SBE. A,
overall structure of the Smad3 MH1 domain bound to SBE. The palindromic
DNA and the MH1 domain are colored
purple and cyan, respectively. The DNAbinding motif is highlighted in orange.
The bound zinc atom is shown in red, and
its coordinating residues are colored yellow. B, a stereo view of the ordered water
molecules between the DNA bases and
the ␤-hairpin. The electron density “omit”
map on the water molecules, shown in red
and labeled, was calculated by omitting
these solvents and contoured at 3 . The
␤-hairpin is shown in cyan, and DNAbinding residues are highlighted in yellow. This figure, Fig. 2A, and Fig. 3B were
prepared using MOLSCRIPT (28).

FIG. 2. Specific DNA contacts mediated by water molecules. A, a stereo
view of the specific contacts between the
␤-hairpin and the DNA. Hydrogen bonds
are represented by red dashed lines. Water molecules are shown as green spheres.
B, a summary of the specific DNA recognition by the ␤-hairpin and water molecules. Hydrogen bonds are represented by
arrows.

pletely solvent inaccessible (Fig. 3B). These observations demonstrate that zinc plays a structural role here and is likely
bound with a high affinity.

To assess the role of zinc in the function of the MH1 domain,
we used the chelating agent EDTA to remove the zinc ion in the
Smad3 MH1 domain and examined the DNA-binding ability of
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TABLE II
List of specific hydrogen bonds
Base numbers 1–15 refers to the DNA sequence 5⬘G1T2A3T4G5T6C7T8A9G10A11C12 T13G14A15-3⬘. The complementary sequences 5⬘-T15⬘C14⬘A13G12⬘T11ⴕC10⬘T9⬘A8⬘G7⬘A6⬘C5⬘ A4⬘T3⬘A2⬘C1⬘-3⬘ are
numbered 15⬘ through 1⬘. The numbers in parentheses are derived from
the other Smad3 MH1 domain that binds to the other half of the
palindromic SBE in the same asymmetric unit. Water molecules are
numbered and abbreviated as ‘‘w’’. n/a, not available.
Hydrogen bond distance
H-bond pair

This structure
(at 2.4-Å resolution)

Previously reported
structure (at 2.8 Å)

DNA base-specific contacts
Arg74 N1OG5 N7
Arg74 N2OG5 O6
Gln76O1OA8⬘ N6
Lys81 NOG7⬘ O6
Lys81 NOA8⬘ N7
w2 OOT8 O4
w6 OOC7 N4

2.87 (3.14)
2.73 (2.67)
2.98 (3.05)
2.89 (3.06)
3.12 (2.90)
2.68 (2.62)
3.13 (2.90)

2.92 (3.29)
2.62 (2.75)
3.35 (2.94)
n/a
3.01 (3.08)
n/a
n/a

DNA phosphate contacts
Leu71 NOG7⬘ O1P
Gln76 NOA8⬘ O2P
Ser78 NOT9⬘ O1P
w3 OOT9⬘ O2P
w1 OOA8⬘ O2P
w5 OOG7⬘ O1P
w7 OOT9⬘ O1P

2.73 (2.89)
2.77 (3.06)
2.88 (2.95)
2.60 (2.46)
2.74 (2.75)
2.67 (2.45)
2.71 (2.57)

3.15 (3.06)
2.94 (3.15)
3.13 (3.46)
n/a
n/a
n/a
n/a

Buttressing contacts
Ser37 O␥Ow3 O
Gln76 OOw3 O
Arg74 OOSer70 O␥
Gly73 NOSer70 O
Asp72 O␦1Ow4 O
Gln76 NOw1 O
w4 OOw1 O
w4 OOw5 O
Gln76 O1OLys81 N
Gln76 N2Ow2 O
w2 OOw6 O
Asp72 O␦2OArg74 N2
Asp72 O␦2OArg74 N
Ser78 OOw7 O
Gln76 N2OSer78 O

2.64 (3.24)
2.64 (2.69)
2.60 (2.77)
3.04 (3.07)
2.64 (2.50)
3.15 (3.49)
3.12 (2.78)
2.69 (3.48)
2.41 (2.80)
2.92 (3.33)
2.74 (2.68)
3.06 (3.50)
2.55 (3.19)
2.52 (2.83)
3.08 (2.68)

n/a
n/a
2.72 (2.76)
2.79 (2.78)
n/a
n/a
n/a
n/a
3.01 (2.82)
n/a
n/a
3.17 (3.55)
2.89 (3.33)
n/a
n/a

the resulting protein (Fig. 3C). Electrophoretic mobility shift
assays were performed using 32P-labeled SBE sequence. In
contrast to the untreated Smad3-MH1 domain, the EDTAtreated protein exhibited a significantly lower binding affinity
for SBE (Fig. 3C).

FIG. 3. The role of the zinc atom. A, the zinc-coordinating residues
are highly conserved among the MH1 domains of all R-Smads and
Smad4. Sequences around the four zinc-coordinating residues are
aligned, with the invariant amino acids shown in yellow. The three
cysteine and one histidine residues are highlighted in red. B, a stereo
view of zinc coordination by three cysteine and one histidine residues.
The electron density omit map, shown in green and contoured at 2 ,
was calculated by omitting zinc and the four coordinating residues. C,
effect of removing zinc. Electrophoretic mobility shift assays were performed in the absence or presence of 10 mM EDTA.

DISCUSSION

Solvent molecules may play an indispensable role in mediating specific DNA recognition by transcriptions factors, as
exemplified by the Trp repressor (18 –20). However, the previous crystal structure of the Smad3-MH1 bound to DNA, at
2.8-Å resolution, did not allow accurate assignment of water
molecules. To resolve these ambiguities, we produced crystals
of higher quality using the additive spermine. The current
structure has been refined at 2.4-Å resolution using a native
data set derived from a single crystal. The electron density
unambiguously identified a number of important water molecules at the Smad MH1-DNA interface (Figs. 1 and 2). These
water molecules contribute significantly to DNA recognition by
mediating a number of important contacts between DNA and
the MH1 domain (Table II).
Smad proteins are transcriptional factors and signal through
regulation of ligand-responsive genes. Except Smad2, R-Smads
and Smad4 all bind to DNA in a sequence-dependent manner
(7). It is important to note that, based on both structural
evidence (Ref. 14 and this study) and published literature (8, 9),
the minimal Smad binding sequence comprises only 4 base
pairs, 5⬘-GTCT-3⬘ or 5⬘-AGAC-3⬘. Although the sequence 5⬘-

GTCT-3⬘ was initially identified to be the optimal binding
element for Smad3 and Smad4 (13), the conserved nature of the
DNA-binding hairpin as well as its surrounding sequence elements among R-Smads strongly suggests that other R-Smads
should specifically bind to the same sequence as well.
The relatively low specificity of DNA binding by Smads has
engendered tremendous difficulty in the identification of biologically relevant Smad-responsive DNA elements as well as
the interpretation of such results. This challenge is further
confounded by the highly positively charged helix H2 of the
MH1 domain, which resides next to the DNA-binding ␤-hairpin
in the crystal structure (Fig. 1A). This helix has been identified
as the nuclear localization sequence for Smad3 and Smad1 (21,
22) and contains several conserved lysine residues (7). Clusters
of lysine residues generally prefer G/C-rich sequences (23).
Indeed, while Smad3 and Smad1 were shown to bind specifically to the sequence 5⬘-GTCT-3⬘ (13, 14, 24), they have also
been reported to bind to G/C-rich sequences (25, 26), which is
likely due to the H2 helix. At present, there is no conclusive
evidence to indicate that the H2 helix can bind to DNA in a
sequence-specific manner.

Structure of Smad MH1 Bound to DNA
In a recent sequence and structure-based analysis, the MH1
domain was found to exhibit some homology to the zinc-binding
protein I-PpoI, a member of the diverse His-Me finger endonuclease family (27). Since the zinc-coordinating residues in IPpoI are conserved in the MH1 domain, it was postulated that
the Smad MH domain might also contain a zinc atom (27). This
prediction is now confirmed by our 2.4-Å resolution structure of
the Smad3 MH1 bound to DNA, which shows a zinc atom
coordinated by three cysteine and one histidine residues. Interestingly, the previous electron density map at 2.8-Å resolution did not contain significant density at the position of the
zinc atom (14). More importantly, chemical analysis of the
Smad3 MH1 domain used in the previous study did not reveal
the presence of the zinc atoms (data not shown). Nevertheless,
removing zinc has a negative impact on the DNA-binding ability of the Smad3 MH1 domain. This finding has practical implications for the study of Smad-DNA interactions in vitro. At
present, most published gel shift experiments on Smad proteins involve the use of chelating agents such as EDTA. As
shown in this study (Fig. 3C), this could complicate the interpretation of results.
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