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Structural Basis of Smad2
Recognition by the Smad
Anchor for Receptor Activation

Geng Wu,'* Ye-Guang Chen,%* Barish Ozdamar,?
Cassie A. Gyuricza,' P. Andrew Chong,? Jeffrey L. Wrana,?
Joan Massagué,? Yigong Shi'f

The Smad proteins mediate transforming growth factor- (TGFB) signaling
from the transmembrane serine-threonine receptor kinases to the nucleus. The
Smad anchor for receptor activation (SARA) recruits Smad2 to the TGFB re-
ceptors for phosphorylation. The crystal structure of a Smad2 MH2 domain in
complex with the Smad-binding domain (SBD) of SARA has been determined
at 2.2 angstrom resolution. SARA SBD, in an extended conformation comprising
a rigid coil, an « helix, and a B strand, interacts with the B sheet and
the three-helix bundle of Smad2. Recognition between the SARA rigid coil and
the Smad2 B sheet is essential for specificity, whereas interactions between the
SARA B strand and the Smad2 three-helix bundle contribute significantly to
binding affinity. Comparison of the structures between Smad2 and a come-
diator Smad suggests a model for how receptor-regulated Smads are recognized

by the type | receptors.

TGFp signaling plays a central role in regulat-
ing cellular responses such as growth, differen-
tiation, and cell fate specification (/). TGFB
signaling from the membrane to the nucleus is
mediated by the Smad family of proteins, which
contains at least eight members in vertebrates
(2, 3). Two Smad proteins, Smad2 and Smad4,
are tumor suppressors in humans (2, 3).

The Smad proteins are divided into three
functional classes: (i) the co-mediator Smads
(co-Smads), Smad4 and Smad10, participate in
signaling by diverse TGFB family members;
(ii) the receptor-regulated Smads (R-Smads),
including Smadl, Smad2, Smad3, SmadS5, and
Smad8, are each involved in a specific
signaling pathway; and (iii) the antagonis-
tic Smads, including Smad6 and Smad7,
negatively regulate these pathways (2).

To initiate a particular TGF( response, a
specific TGFP ligand binds to a specific pair of
transmembrane Ser-Thr receptor kinases, the
type I and type II receptors, and this activates
the Ser-Thr kinase in the cytoplasmic domain
of the type I receptor (2, 4). The signal is then
propagated by type I receptor-mediated phos-
phorylation of specific R-Smads. The R-Smads,
Smad2 and 3, are recruited to the TGFf3 recep-
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tors by SARA. This process appears to involve
direct interactions between SARA and Smad2,
SARA and TGFp receptors, and Smad2 and
TGFp receptors (5). SARA does not interact
with either Smadl or Smad5 (5), which share
~80% sequence identity with Smad2. These
interactions are important in regulating specific
Smad phosphorylation. The phosphorylated R-
Smad hetero-oligomerizes with the co-Smad,
Smad4, translocates into the nucleus and asso-
ciates with sequence-specific DNA binding
proteins, resulting in the positive or negative
regulation of agonist-responsive genes (2).

The Smad proteins are conserved across
species, with homology mainly in the NH,-
terminal MH1 domain and the COOH-terminal
MH2 domain. Most tumor-derived mutations
map to the MH2 domain that is involved in
receptor recognition, interaction with transcrip-
tion factors, and homo- and hetero-oligomeriza-
tion among Smads (2). The MH2 domain of
Smad2 or Smad3 interacts with an 85-residue
Smad-binding domain (SBD) in SARA ().
The MH1 domain exhibits sequence-specific
DNA binding activity and negatively regulates
the functions of the MH2 domain.

To examine the molecular basis of signal-
ing specificity in receptor activation, we have
determined the crystal structure of a Smad2
MH2 domain bound to a SARA SBD. In the
crystals, SARA SBD exhibits an extended
conformation, folding on top of Smad2 and
shielding the hydrophobic residues on the
surface of Smad2. Analyses of the SARA-
Smad2 interface and the surface features of
Smad2 give insight into Smad2 interactions
with SARA and how R-Smads are recognized
by the type I receptors.

Characterization of Smad2-SARA inter-

action. To facilitate structural studies of a
Smad2-SARA complex, we took a biochemical
and cell biological approach to identify the min-
imal domains required for complex formation.
Co-transfection of Smad2 and SARA followed
by co-immunoprecipitation and protein immu-
noblot analysis (6) indicated that the Smad2
MH2 domain (residues 270-467), derived
from a structure-based comparison (7), exhib-
ited a weak interaction with SARA (Fig. 1A).
Including nine additional NH,-terminal resi-
dues (residues 261-467) restored efficient in-
teraction (Fig. 1A). To define the molecular
determinants of binding, we examined Smad2
mutants for their ability to interact with SARA.
The interaction does not require either the L3
loop or the H1 or H2 helices (Fig. 1B) (7),
which interact with receptors at the membrane
and transcription factors in the nucleus (8, 9). A
single missense mutation in the B strand B9,
Asn38! — Ser’8! (N381S) (10), nearly abol-
ished Smad2 recognition by SARA (Fig. 1A).
This residue is subtype-specific among Smads,
being an Asn in Smad2 and Smad3 but replaced
by a Ser in Smadl, Smad5, and Smad8. Other
subtype-specific mutations, such as Q294S and
R337H, had little or no effect on Smad2-SARA
recognition (Fig. 1A).

Limited proteolysis on a Smad2-SARA
complex was used to identify a 57-residue
(665-721) trypsin-resistant fragment in
SARA as sufficient for interaction with
Smad2 (11). Proteolytic treatment of this iso-
lated fragment destroyed the polypeptide and
failed to generate any detectable structural
cores (/7). Thus, SARA SBD might adopt a
flexible conformation that is stabilized by
binding to Smad2. We generated a series of
point mutations on SARA SBD and evaluated
their ability to interact with Smad2 in an in
vitro binding assay (/2). Mutation of any of
the four residues in SARA, Tyr®%°, Cys®®!,
Pro®®, and Val”® significantly diminished
complex formation between SARA and
Smad2 (Fig. 1C). In contrast, point mutations
such as Q688A and Q691A had no detectable
effect on binding (Fig. 1C).

Overall structure of the complex. To
gain additional insight into the specificity in
SARA-Smad2 interactions, we determined
the 2.2 A crystal structure of a Smad2 MH2
domain (residues 253—462) in complex with
a SARA SBD (residues 665-721) (Table 1)
(13). In the complex, SARA SBD adopts an
extended conformation that consists sequen-
tially of a rigid coil, an amphipathic a helix,
a proline-rich turn, and a  strand (Fig. 2A).
SARA SBD does not have a hydrophobic
core, and its secondary structural elements do
not interact with each other. Instead, the ex-
tended structure of SARA SBD covers a large
surface area on Smad2 and interacts with
multiple surface structural motifs on Smad2
that are as far apart as 40 A. For example, the
COOH-terminal B strand of SARA SBD in-
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teracts with the NH,-terminal strand B1’ in
Smad2, forming an antiparallel g sheet. This
B sheet packs against a hydrophobic surface
formed by helices H3 and H5 on Smad2 (Fig.
2A).

Binding between SARA and Smad2 re-
sults in close packing of hydrophobic resi-
dues and buries 2573 A? of surface area. The
interfaces involving the rigid coil and the 3
strand in SARA contribute approximately
900 A2 (35%) and 1150 A2 (45%) buried
surface areas, respectively. The four residues
shown biochemically to affect binding (Fig.
1C) contribute to large buried surface areas
upon complex formation (Fig. 2B).

The Smad2 MH2 domain contains a central
B sandwich, with a three-helix bundle (H3, H4,
and H5) and a single strand (B1’) on one end,
and a loop-helix region (L1, L2, L3, and H1) on
the other end (Fig. 2A). The overall structural
architecture is similar to that of Smad4 MH2,
with a root-mean-square-deviation (rmsd) of
1.27 A for 174 aligned Ca atoms (Fig. 2C). The
similarity between these two structures is high-
er in the central B sandwich, with an rmsd of
0.55 A for 129 aligned Ca atoms. Two differ-
ences between the MH2 domains of Smad2 and
Smad4 are likely to play important functional
roles in signaling. The B strand B1' is protease-
resistant and present in Smad2 MH2, but in
Smad4 MH2 this region is protease-sensitive
and likely unstructured (7). This  strand com-
prises the NH,-terminal nine residues that are
critical for interaction with SARA (Fig.
1A). The orientation of the three-helix bun-
dle relative to the central B sandwich is also
different between Smad2 and Smad4. In
Smad4, the large flexible linker between
helices H3 and H4 is disordered; in Smad2,
this portion is replaced with a well-ordered
four-residue short linker. Consequently, the
three-helix bundle in Smad2 appears to be
more compact and is at a wider angle rel-
ative to the planes of the 8 sandwich.

Smad2-SARA interactions. The Smad2-
SARA interactions involve three contact sur-
faces from Smad2 and three corresponding
secondary structural elements in SARA: the
rigid coil, the amphipathic o helix, and the
strand (Fig. 3A). The hydrophobic surfaces
on the Smad2 MH2 domain form two shallow
grooves and one deep groove; the hydropho-
bic side chains of SARA SBD pack closely
against these three grooves (Fig. 3A).

The rigid coil (residues 671-682) binds to
one of the shallow surface grooves that is
created by residue side chains on strands
B8/B9, and the short loop connecting helix
H2 and strand B8 (Fig. 3B). In this region of
SARA, the interacting residues that include
Pro®72, Pro®74, Pro%”’, Tyr®8°, and Cys®®!
form an extensive network of van der Waals
contacts with the surface residues in Smad2.
On Smad2, the interacting residues are
Tyr366, Trp368, Thr372, Cys37“, 116376, PI'0377,
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and Leu>®2, In addition to the van der Waals
contacts, this part of the interface contains
five intermolecular H bonds (Fig. 3B) that
include two backbone-to-backbone contacts
between Ser®®2 on SARA and Lys**3 on
Smad2 and three backbone-to-side-chain
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contacts. In particular, the carbonyl O atom
of Pro®’? accepts. a H bond from the side
chain of subtype-specific Trp**® on Smad2,
whereas Tyr®%° in SARA makes a H bond to
the backbone amide of Lys*’> on Smad2
(Fig. 3B).

Smad Binding Domain Smad2

C of SARA Interaction
665 [ ]750 ++
665 [ ] 721 ++
665 [ 1694 -
694 1721 —-—
679 [ 1711 +/—
665 [ YBB0A ] 721 e
665 [ Y6B0E ] 721 _—
665 | CB81A ] 721 +/—
665 [ C681E ] 721 e
665 [ PE86A ]721 +/—
665 [ PEBEE 1721 g
665 [ QB88BA ] 721 ++
665 [ QB91A ] 721 ++
665 [ V703A ] 721 ot
665 [ V703E 1721 -

Fig. 1. Characterization of mutual recognition
between SARA and Smadz2. (A) Identification of

minimal domains and specificity-determining

residues in Smad2 (6). Myc-tagged SARA and
Flag-tagged Smadz were co-transfected into .
the mammalian COS-1 cells. The cell extract
was subjected to immuno-precipitation with a
monoclonal antibody against Myc followed by -
protein immunoblot with a monoclonal anti-
body against the Flag tag (upper panel). Protein
immunoblots of total cell extract by anti-Myc -
and anti-Flag, respectively, demonstrated simi-

lar expression levels for SARA and for various constructs of Smad2 (middle and lower panels). I.P.,

immunoprecipitate; P.I, protein immunoblot. (B)

Subtype-conserved surface motifs L3 loop and

helices H1 and H2 are not involved in interactions with SARA. In lanes 5, 6, and 7, these motifs in
Smad2 are individually replaced with those from Smad1. In lane 9, the L3 loop in Smad1 was ;
substituted with that from Smad2. (C) Identification of minimal domains and key residues in SARA
for interaction with Smad2. The SARA fragments were individually expressed as a GST-fusion
protein and were purified to homogeneity through a glutathione sepharose column (72). The .
interaction between these proteins and Smad2 was then investigated as described (72).

Table 1. Data collection and statistics from the crystallographic analysis.

Data set Native

1 (RAXIS 1I) Native 2 (X25, NSLS)

Data collection

Resolution (A) 99.0-3.0 99.0-2.2
Total observations 89,878 218,815
Unique observations 12,533 31,296

Data coverage (outer shell)
R, (outer shell)*

sym

97.8% (96.2%)
0.066 (0.203)

99.1% (97.6%)
0.039 (0.167)

Resolution range (A)

Number of reflections (/ > 20)
Rworking/RfreeT

Number of atoms

Number of water molecules
rmsd bond length (A)}

rmsd bond angles (degrees)
rmsd B factors]

Refinement
20.0-2.2
29,613
21.8%/27.6%
3888
243
0.006
1.343
3.375

*Reym = 53 i = 1,175, 34,, . where I, is the mean intensity of the i observations of symmetry related reflections of

b tR=3IF, —
model (R, was calculated with 5% of the reflections).

free

Femel /2F . where F = F,, and F_,,_ is the calculated protein structure factor from the atomic

{rmsd in bond lengths and angles are the deviations from

ideal values, and the rmsd in B factors is calculated between bonded atoms.
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The rigid coil has low-temperature fac-
tors in the crystals and an unusually com-
pact conformation that is facilitated by
three proline residues at positions 672, 674,
and 677 (Fig. 3B). This rigid structure is
strengthened by a network of nine intramo-
lecular H bonds (Fig. 3B, right panel). In
this network, Asn®’3 and Asn®’® each me-
diate four H bond contacts.

In the second part of the Smad2-SARA
interface, an amphipathic o helix from SARA
binds parallel to the hydrophobic strands BS5
and B6 on Smad2 (Fig. 3C). A sharp turn
between the rigid coil and the helix is stabilized
by intermolecular H bonds from the side chain

aa-helix

B Rigid coil

a helix
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of Asn**' on Smad2 to the backbone carbonyl
group of 11e®®* and to the side chain of GIn®*°
on SARA. In addition, the side chains of Ser®*?
and GIn®*” on SARA make two intramolecular
H bonds to the backbone amide and carbonyl
groups of 1le®**, respectively (Fig. 3C). The
importance of these interactions is highlighted
by the observation that the single point muta-
tion N381S in Smad2 leads to disruption of the
Smad2-SARA interaction (Fig. 1 A). In contrast
to the extensive van der Waals interactions at
the interface involving the rigid coil, only two
residues from SARA, Pro®*® and Ala®", con-
tact the hydrophobic side chains of Tyr?*,
lle**', and Phe** on Smad2 (Fig. 3C).

Rigid coil

f strand

660 SQSPNPNNPAESES TIPBLQQAQASGALSSPPPTEMIMVPVGVY 709

Surface area
buried A’

L J

J | SS— |

Binding to
strands B8 & B9

Binding to
strands BS & B6

Binding to strand B1'
and helices H3 & H5

Fig. 2. Overall structure of the Smad2 MH2 domain in complex with a SARA SBD. (A) The schematic
representation on the right panel is related to the one on the left by a 90° rotation along the
horizontal axis. Smad2 and SARA are shown in green and pink, respectively. The secondary
structural elements in SARA and some prominent features in Smad2 are labeled and color-coded.
(B) Sequence of the SARA SBD showing its secondary structural elements. The bar graph below
sequence shows the buried surface area per SARA residue upon complex formation. The residues
that are targeted by inactivating mutations are highlighted in red (Fig. 1C). (C) Superimposition of
the structures of the MH2 domains in Smad2 (green) and Smad4 (red), shown in stereo view. The
disordered loop between helices H3 and H4 in Smad4 is indicated by a red dotted line. This figure

was prepared with MOLSCRIPT (24).

In the third part of the Smad2-SARA in-
terface, the COOH-terminal $ strand from
SARA SBD forms an antiparallel 3 sheet
with the NH,-terminal strand B1' on Smad2,
through five backbone-to-backbone H bonds
(Fig. 3D). This chimeric # sheet covers an
exposed hydrophobic surface on helices H3
and HS5 of Smad2. The side chains of Pro”"!,
Val’®? and Val’ from SARA are involved
in multiple van der Waals contacts with the
residues Ala*”!, Leu?”, and Val**® on helix
H3; Trp**¥, GIn***, and Met**° on helix HS5;
and Tyr2°® and Val®®® on strand B1'.

Specificity of Smad2-SARA interaction.
Despite 80% sequence identity between the
MH2 domains of Smadl and Smad2, SARA
only binds the TGFB/activin-regulated
R-Smads, Smad2 or Smad3, but not the
BMP-2/BMP-4 —activated Smadl or Smad5
(5). Our structural analysis of the Smad2-
SARA complex provides a molecular basis
for this specificity (Fig. 3 and Fig. 4A).

Five Smad2 residues that interact with
SARA are subtype-conserved in Smad3, but are
replaced by other residues in Smadl, Smad5, or
Smad8 (Fig. 4A). Two of these residues,
Asn**! and Trp*°%, participate in H bonds (Fig.
3B) and likely constitute the critical determi-
nants of specificity in recognition of Smad2.
The remaining three residues, Tyr?*°°, lle**!,
and Phe**®, stabilize the complex through hy-
drophobic interactions. Together, these residues
define the subtype-specific recognition of
Smad2 or Smad3 by SARA. Their role in sig-
naling is illustrated by the detection in colon
cancer of the relatively conservative mutation,
F346V in Smad2, that likely leads to reduced
van der Waals interactions between Smad2 and
SARA (/4).

None of the five specificity-determining
residues on Smad2 interacts with the 8 strand
in SARA, although the B strand contributes
45% to the buried surface area. Thus, the
recognition specificity is determined primar-
ily from the rigid coil and a helix of SARA
interacting with the strands B8, B9, B5, and
B6 of Smad2, whereas significant binding
affinity is provided from the interface be-
tween the B strand of SARA and the three-
helix bundle of Smad2.

To demonstrate the specificity in TGFB
signaling, we compared cellular localization
patterns of SARA and either wild-type or the
N381S mutant Smad2 using confocal micros-
copy (/5). In cells expressing wild-type or
mutant (N381S) Smad2 alone, the protein
exhibited a diffuse staining pattern through-
out the cytosolic compartment (Fig. 4B, top
panels). In contrast, SARA alone displayed a
characteristic punctate staining pattern (Fig.
4B, top panels). The localization of the wild-
type Smad2 in the presence of SARA exhib-
ited a dramatic change to a punctate staining
pattern (Fig. 4B, middle panels). However,
the localization of the mutant Smad2
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(N381S) was not influenced by the presence
of SARA, demonstrating that the mutant
Smad2 has lost its ability to co-localize with
the wild-type SARA (Fig. 4B, lower panels),
consistent with the loss of binding in co-
immunoprecipitation assays (Fig. 1A). To
evaluate the impact of this mutation on TGF(
signaling, we performed a luciferase reporter
assay with a TGFB-responsive Mix.2 promot-
er (Fig. 4C) (16, 17). The mutant Smad2
failed to synergize with SARA to potentiate
the TGFB response whereas the wild-type
Smad2 did synergize (Fig. 4C).

Model of recognition between Smads and
TGF receptors. Despite having generally
similar structures, the MH2 domains of Smad2
and Smad4 have different surface features. A
direct comparison of the electrostatic potential
reveals the presence of a highly positively
charged groove next to the L3 loop on Smad2,
but not on Smad4 (Fig. 5A). This basic surface
contains residues that are conserved in
R-Smads but not in co-Smads, suggesting that
this region might be important for receptor
binding. Analysis of the type I TGFB receptor
(TBRI) cytoplasmic domain reveals a comple-
mentary pattern on its surface. Specifically, the
LA45 loop, which specifies interactions with
Smad2 (8, 18), is located immediately adjacent
to the flexible GS region (/9), which is phos-
phorylated upon ligand binding (20, 21, 22) and
becomes very acidic. Thus, the phosphorylated
GS region on the type I receptors might interact
with a highly basic surface groove on R-Smads
to provide binding affinity, whereas the 145
loop on the type I receptors recognizes the L3
loop of specific R-Smads to provide specificity
(Fig. 5B).

This model is consistent with biological
and biochemical evidence. All pathway-re-
stricted Smads share five basic residues in the
basic groove, four of which are invariant. The
variable basic residue, located on the L3 loop,
is Arg in Smad2 and Smad3 (Arg*?’ in
Smad2) and His in Smadl, Smad5, and
Smad8 (His 425). This Arg and another sub-
type-specific residue on the L3 loop, Thr in
Smad2 and Smad3 (Thr 430 in Smad2) and
Asp in Smadl, SmadS, and Smad8 (Asp
428), are the specificity-determinants in the
Smad-receptor interactions (8, 9). The posi-
tion of these two residues next to the basic
surface in R-Smads is consistent with the
topological arrangement between the L45
loop and the GS region in the type I receptors.

If interactions in the GS region contribute to
binding affinity, they should be relatively non-
specific and tolerant of mutations. Consistent
with this prediction, single or double point mu-
tations of the Thr-Ser residues in the GS region
had little or no effect on the signaling activities
of the type I TGFP or activin receptors, respec-
tively (20, 2I). Several mutations, such as
T204D or T204E in TBRI (20) and T206D in a
type I activin receptor (21), result in constitu-
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tively active kinases. These mutations affect a
Thr residue at the COOH-terminal end of the
GS-region. On the basis of our model, the
mutation from Thr to a negatively charged Asp
or Glu could favor the initial apposition be-
tween TRRI and Smad2, which should facilitate
subsequent binding and phosphorylation.

This model also places the COOH-termi-
nal portion of SARA close to TRRI, consis-

tent with reported interactions (5). After phos-
phorylation, the COOH-terminal SSXS motif
becomes highly acidic and could compete
with TRRI for binding to the highly basic
surface patch next to the L3 loop, which
would destabilize the Smad2-receptor com-
plex (5).

The details of recognition between the re-
ceptors and Smads will only be revealed by a

Scale of hydrophobicity
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Fig. 3. Schematic representation of the interactions between Smad2 and SARA. (A) The interactions
are predominantly hydrophobic in nature. The surface of Smad2 MH2 domain is represented by
degrees of hydrophobicity. The Ca backbone of SARA SBD is shown in pink and the buried
hydrophobic residues are highlighted in orange. This figure was prepared with GRASP (25). (B) A
closeup view of the interactions between the rigid coil of SARA and the strands B8 and B9 of
Smad2. Smad2 and SARA are colored green and pink, respectively. The interacting side chains are
shown in yellow for Smad2 and in purple for SARA. The O and N atoms are shown as red and blue
balls, respectively. The left panel shows the interface, whereas the right panel shows the
conformation of the rigid coil by itself. Aside from extensive van der Waals interactions at the
interface, there are a total of five intermolecular H bonds. These include: Ser7' O+ to Tyr36¢

carbonyl, Pro®72 carbonyl to Trp38 Ne1, Tyr8° On to Lys®*’> amide, Ser®®? amide to Asn

381

carbonyl, and Ser 82 carbonyl to Asn3®" amide. (C) A closeup view of the interactions between the
a helix of SARA and strands B5 and B6 of Smad2. Color coding scheme is identical to (B). (D) A
closeup view of the interactions between the B strand of SARA and the three-helix bundle and

strand B1’ of Smad2.
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A Subtype-specific residues at the interface
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B Smad2(WT) Smad2(NS) SARA
Staining: Smad2 SARA overlay

Smad2(WT)
+ SARA
Smad2(NS)
+ SARA

Fig. 4. Specificity of Smad2-SARA interactions. (A) Sub-
type-specific residues at the Smad2-SARA interface. The
residues that are conserved and specific for Smad2 and

Smad3 are highlighted in red, whereas those for Smad1,
Smad5, and Smad8 are shown in green. All these residues are involved in interactions with SARA.
(B) Immunofluorescence assays showing the loss of co-localization between SARA and the mutant
Smad2 (N381S) (75). After transfection with Flag-Smad2 and Myc-SARA, COS-1 cells were
immunostained with primary mouse anti-Flag (M2) and rabbit anti-Myc and secondary rhodamine-
conjugated goat anti-mouse and FITC-conjugated goat anti-rabbit antibodies, and examined with
a confocal microscope. To illustrate the cellular compartments, the nuclei were stained with DAPI
in the two overlay panels. (C) SARA potentiates the activity of wild-type but not the mutant Smad2
(N381S) in a Mix.2 ARE-luciferase reporter assay (77). HepG2 cells were co-transfected with a
Mix.2 ARE-luciferase reporter, FAST-2, with or without SARA and Smad2 constructs, as indicated.
Cells were treated with TGFP and the luciferase activity was determined. The experiment was

performed in triplicate.

structure of the complex. For example, the
TPBRI kinase domain in the crystal structure was
in an inactive form (/9). Phosphorylation of the
GS region might induce additional conforma-
tional changes in the receptor that further facil-
itate interactions with Smad2.

Other perspectives. The binding of
SARA-SBD to Smad2 resembles p27 binding
to the Cyclin A-CDK2 complex (23). For
example, p27 also displays an extended struc-
ture and contains sequentially a rigid coil, an
o helix, and a B strand (23). Both peptides
interact mostly through van der Waals inter-
actions; both contain a rigid coil contacting a
shallow hydrophobic surface groove; both
use an « helix to connect to another major
interaction interface; and both use a B strand
to pair up with an existing strand from the
bound partner. The analogy can be extended
to some details. For example, there is a con-

served Trp residue at the surface groove of

Cyclin 2 for interaction with the rigid coil
from p27 (23); this feature is also present in
the SARA-Smad2 complex (Fig. 3B).

It is likely that the structure of Smad2
MH2 by itself includes two antiparallel B
strands at the NH,-terminus, one of which is
displaced by SARA binding. This hypothesis
is supported by several biochemical observa-
tions. First, a Smad2 MH2 domain beginning
at residue 253 is not soluble by itself but

becomes highly soluble when co-expressed
with SARA SBD, suggesting that the B
strand from SARA shields and rescues the
exposed hydrophobic surface on helices H3
and HS. Second, a Smad2 MH2 domain be-
ginning at residue 241 is soluble by itself,
suggesting that residues 241-253 might play
the same role as the B strand in SARA. Third,
a Smad2 MH2 domain beginning at residue
269 is not soluble either by itself or when
co-expressed with SARA SBD, presumably
because of the loss of strand B1’ (residues
263-268), which eliminates the possibility of
forming a B sheet with SARA SBD.

Our biochemical and structural analyses
reveal a molecular basis for the specific rec-
ognition of Smad2 by SARA, provide a plau-
sible model for receptor-Smad interaction,
and serve as a framework for further elucida-
tion of Smad functions in TGF@ signaling.
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Generating Solitons by Phase
Engineering of a Bose-Einstein
Condensate

J. Denschlag,’ ). E. Simsarian,” D. L. Feder,"? Charles W. Clark,’
L. A. Collins,? }. Cubizolles,’* L. Deng,” E. W. Hagley,’
K. Helmerson,” W. P. Reinhardt,’> S. L. Rolston,? B. I. Schneider,®
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Quantum phase engineering is demonstrated with two techniques that allow
the spatial phase distribution of a Bose-Einstein condensate (BEC) to be written
and read out. A quantum state was designed and produced by optically im-
printing a phase pattern onto a BEC of sodium atoms, and matter-wave in-
terferometry with spatially resolved imaging was used to analyze the resultant
phase distribution. An appropriate phase imprint created solitons, the first
experimental realization of this nonlinear phenomenon in a BEC. The subse-
quent evolution of these excitations was investigated both experimentally and

theoretically.

Ultimate control over a physical system can
be achieved by precisely manipulating its
quantum mechanical wave function, which
fully characterizes its state. A BEC of a dilute
gas (1) is particularly well suited for such
manipulations because of its directly observ-
able wave function: It has many identical
atoms in the same quantum state, and it is
large enough to be optically imaged.

We demonstrate two optical techniques to
prepare and measure the phase of a BEC
wave function. A chosen pattern of laser light
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imaged onto a condensate shapes its phase
almost arbitrarily in two dimensions (2-4).
Matter-wave interferometry (5) using optical-
ly induced Bragg diffraction (6, 7) is then
used to analyze the spatial phase distribution
by direct imaging (8). These methods are
applied in experimental studies of a phenom-
enon in nonlinear atom optics (9), the prop-
agation of solitons [solitary waves (/0)] in a
BEC. Three-dimensional (3D) numerical cal-
culations agree well with and substantiate the
experimental observations of soliton genera-
tion and propagation. Both reveal the rich
dynamics of this nonlinear system, such as
the formation of multiple solitons.
Theoretical background. Solitons are
stable, localized waves that propagate in a
nonlinear medium without spreading. They
appear in diverse contexts of science and
engineering, such as the dynamics of waves
in shallow water (/7), transport along DNA
and other macromolecules (/2), and fiber
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