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a b s t r a c t

Syndesmos, nucleoside diphosphate linked moiety X (nudix)-type motif 16-like 1 (Nudt16l1), is evolu-
tionarily divergent from the Nudt16 family. Syndesmos, which is co-localized with syndecan-4 cyto-
plasmic domain (Syn4cyto) in focal contacts, interacts with various cell adhesion adaptor proteins to
control cell signaling. We determined the X-ray crystal structure of syndesmos; it is composed of seven
a-helices and seven b-strands. Although syndesmos has a molecular topology similar to that of nudix
hydrolase proteins, the structure of the nudix motif differs from that of X29. The dimeric interface of
syndesmos is composed of a-helix 4, 7 and b-strand 2, 7, which primarily form hydrophobic interactions.
The binding interaction between syndesmos and syn4cyto was characterized as a low-affinity interaction
(Kd ¼ 62 mM) by surface plasmon resonance (SPR) and nuclear magnetic resonance (NMR). The NMR
resonances of Lys (177, 178, 179), Gly182, and Ser183 in the C1 region and Lys193 and Lys194 in the V
region of syndecan-4 are perturbed upon syndesmos binding. Our results provide structural insight into
the molecular function of syndesmos in the regulation of cell signaling via binding to syndecan-4.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Syndesmos is a member of the nudix hydrolase family that
possesses pyrophosphate hydrolysis activity; it has high sequence
homology with Nudt16 [1e3]. The sequence similarity between
syndesmos and Nudt16 implies that syndesmos is a paralogous
protein resulting from gene duplication, which occurred in the
tetrapod lineage near the amniote divergence for Nudt16 [3].
Nudt16 contains a common nudix motif, GX5EX7REUXEEXGU (U
indicates a bulky hydrophobic residue), which coordinates with
divalent metals, such as Mn2þ or Mg2þ, to bind to pyrophosphate
[1e5]. Recently, the crystal structure of X29 was reported [6,7]. X29
possesses RNA capping cleavage activity that controls mRNA
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turnover [4,7e9]. The sequence identity between syndesmos and
X29 is 46% (97/211). However, the glutamate residues that coordi-
nate divalent metals are not conserved in syndesmos, suggesting
that syndesmos has a different function. Interestingly, syndesmos is
expressed in several organs and participates in focal adhesion for-
mation upon binding to the cytoplasmic domain of syndecan-4
(Syn4cyto) [10,11]. When syndesmos is overexpressed in cells, cell
spreading and cytoskeleton organization are improved, which is
confirmed by enhanced formation of filipodia. These results were
not affected by serum or media type, but only by cell adhesion
complex formation, suggesting that the cellular features caused by
syndesmos overexpression are closely related to the interaction
with Syn4cyto containing a cell adhesion complex [10]. The synde-
can protein family, which consists of syndecan-1, -2, -3, and -4, is
comprised of proteins that are well-known single transmembrane
proteins for cell adhesion, also known as heparan sulfate pro-
teoglycans [10,12,13]. Syndecan participates in formation of the cell
adhesion complex and controls cell growth, proliferation, survival,
and migration. Syn4cyto is expressed in a wide variety of cells and
interacts with cytoskeleton. Through the cytoplasmic domain,
syndecan-4 controls the activity of protein kinase Ca (PKCa), which
transfers cell signals from the extracellular matrix [13,14]. Syn4cyto
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Table 1
Data collection and refinement statistics.

Syndesmos

Data collection
Space group P21
Cell dimensions
a, b, c (Å) 45.318 68.701 66.191
a, b, g (�) 90.00 103.93 90.00

Resolution (Å) 50.00e2.00 (2.07-2.00)*
Rsym or Rmerge 0.072 (0.155)
I/s(I) 34.79 (7.62)
Completeness (%) 96.01 (89.3)
Redundancy 4.1 (3.0)
Refinement
Resolution 37.044 (2.006)

H. Kim et al. / Biochemical and Biophysical Research Communications 463 (2015) 762e767 763
consists of three individual regions, the conserved 1 region (C1
region), the variable region (V region), and the conserved 2 region
(C2 region) [15]. Each region interacts with several proteins: the C2
region interacts with PDZ domain-containing proteins and the V
region interacts with phosphatidylinositol 4,5-bisphosphate (PIP2)
and syndesmos [16e20]. Recently, it has been reported that syn-
desmos interacts with Syn4cyto and focal adhesion complex pro-
teins, such as paxillin and hic-5, suggesting that the cellular
function of syndesmos has a direct relationship with Syn4cyto and
focal adhesions [10,11]. To identify the molecular mechanism and
functions of the syndesmos/Syn4cyto complex, we determined the
crystal structure of mouse syndesmos and performed biochemical
experiments using SEC, SPR, and NMR titrations.
No. reflections 25424
Rwork/Rfree 0.1778/0.2254
N.o atoms
Protein 3047
Water 259

R.m.s deviations
Bond lengths 0.008
Bond angles 1.087

*Values in parentheses are for highest-resolution shell.
2. Materials and methods

2.1. Cloning, protein purification, and sample preparation

cDNA encoding Syndesmos and Syn4cyto were amplified by PCR
using synthetic oligonucleotides as primers and were subcloned
into the Escherichia coli expression vector pET32a (Amersham
Biosciences). Both plasmids were transformed into E. coli strain
BL21(DE3) for expression, and grown in either LuriaeBertani (LB)
or M9 minimal media. Cells were cultured at 37 �C until they
reached an OD600 of 0.6, 1 mM IPTG was added, and cells were
cultured further for 15 h at 25 �C. Subsequently, the cells were
harvested by centrifugation and stored at �80 �C. Harvested TRX-
(His)6 tag-fusion proteins were purified by immobilized metal af-
finity chromatography (IMAC) using a Ni-NTA column (Amersham
Pharmacia), and the TRX-(His)6 tag was cleaved by incubation with
tobacco etch virus protease for 2e3 h at 25 �C. The purified proteins
were then subjected to size exclusion chromatography using a
HiLoad Superdex 75 prep grade column (Amersham Pharmacia).
Syn4cyto was purified to a high degree of purity using a reversed-
phase HPLC column (C18, 300 � 3.9 mm, Waters, USA) with a
Delta 600 HPLC system (Waters, USA). For X-ray crystallography,
syndesmos was purified as described above and dialyzed with final
buffer containing 10 mM HEPES (pH 7.0), 100 mM NaCl, and 2 mM
DTT. For NMRexperiments, Syn4cyto proteinwas labeledwith 15N or
13C/15N by culturing in M9 minimal medium containing 15NH4Cl
(Cambridge Isotope Laboratories Inc.) and/or U-13C6-glucose
(Cambridge Isotope Laboratories Inc.). The final buffer contained
10 mM HEPES (pH 7.0), 150 mM NaCl, and 0.01% NaN3.
2.2. X-ray data collection and crystal structure determination

Syndesmos crystals were grown under 0.2 M Li sulfate, 0.1 M
Bis-Tris (pH 5.5), 25% m/w PEG3350, and 20% glycerol was added as
a cryo-protectant. Diffraction data with resolution of 2.01 Å were
collected on beam line 5C/7A at the Pohang Accelerator Laboratory,
Korea. The data set was processed and scaled using DENZO and
SCALEPACK in the HKL2000 package [21,22]. The crystal of syn-
desmos belongs to space group P121, with a unit-cell dimension of
a ¼ 45.318 Å, b ¼ 68.701 Å, and c ¼ 66.171 Å. Assuming that two
molecules may form an asymmetric unit, the Matthew's coefficient
(Vm) was calculated to be 2.1 Å 3/Da, which corresponds to a sol-
vent content of 40.8%. The initial phase was obtained by molecular
replacement using the CCP4 version of MOLREP [23,24], and the
structure of sX29 (PDB: 3COU) was used as a search model. Coot
[25] and PHENIX [26] were used for model building and refine-
ment. The X-ray structure of mouse syndesmos was deposited
under PDB ID 4ZG0; all parameters are shown in Table 1. The
following servers were used for sequence and structural analysis:
BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), DALI (http://
ekhidna.biocenter.helsink.fi/dali-server), and PDBePISA (Protein
Interfaces, Surface, and Assemblies) [27,28].

2.3. Affinity measurements by SPR

Surface plasmon resonance (SPR) was performed at 25 �C using
a BIAcore 2000 instrument (BIAcore, GE Healthcare). A total of
200e300 RU (response units) was immobilized on a streptavidin-
coated SA chip with a biotinylated synthetic peptide correspond-
ing to Syn4cyto. The SA chip contained four flow cells; one flow cell
was activated and blocked in the same way (without Syn4cyto), and
the other cell was used as a reference for non-specific binding.
Syndesmos (analyte) was perfused over Syn4cyto in running buffer
(10 mM HEPES [pH 7.0], 100 mM NaCl, and 2 mM DTT) with a flow
rate of 30 ml/min. The surface of the sensor chip was regenerated by
injecting a buffer containing 1 M NaCl and 0.05 M NaOH for 1 min
[16]. The dissociation constant (Kd) was calculated using the soft-
ware BIAevaluation v. 3.1 and the buffer effects were subtracted
from each curve.

2.4. NMR titration experiments

A series of two-dimensional (2D) [15Ne1H]eHSQC spectra have
been collected on uniformly 15N-labeled Syn4cyto (0.5 mM) in the
presence of different amounts of syndesmos, with molar ratios of
1:0,1:0.5, and 1:1 (Syn4cyto: syndesmos). Samples were prepared in
10 mM HEPES (pH 7.0), 100 mM NaCl, 2 mM DTT, and 0.01% NaN3.
NMR resonances for Syn4cyto were assigned previously, using
three-dimensional (3D) HNCACB, CBCA(CO)NH, HNCA, and HNCO
data [29e32]. All NMR experiments were performed on Bruker
500 MHz and 800 MHz spectrometers equipped with a z-shielded
gradient triple-resonance cryoprobe. All NMR data were processed
using the XWINNMR program and the software NMRpipe/
NMRDraw [33].

3. Results and discussion

3.1. X-ray crystal structure of syndesmos

Syndesmos consists of 211 amino acids, and it is highly ho-
mologous with proteins in the Nudt16 family. The crystal structure
of syndesmos has been determined at a resolution of 2.01 Å by
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molecular replacement (Table 1). The final structure shows an Rcryst
of 17.8% and a Rfree of 22.5%. Two syndesmos molecules were
observed to form an asymmetric unit, which was revealed to be a
dimer. The overall molecular topology and secondary structures are
shown in Fig. 1A and B, respectively. Syndesmos is composed of
seven a-helices and seven b-strands; a1 (14e17), a2 (74e82), a3
(93e95), a4 (119e129), a5 (157e161), a6 (167e179), a7 (185e203),
b1 (25e35), b2 (48e55), b3 (58e61), b4 (64e66), b5 (97e101), b6
(108e116), and b7 (139e144). Specific residues in the secondary
structure of the dimeric interface are marked with yellow asterisks;
Fig. 1. X-ray crystal structure of syndesmos. (A) The X-ray crystal structure of syndesmos, r
Seven a-helices and seven b-strands are represented. (B) Schematic diagram of the molecula
respectively, with residue numbers shown alongside. Specific residues involved in the dimer
this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Dimeric interface of syndesmos and the hydrophobic interactions involved. (A) D
axis. The hydrophobic residues are represented using a sphere model. The overall structur
represented. Detailed views of hydrophobic side-chain connectivity are shown. Hydrophobic
and the loops were the main contributors to the hydrophobic interactions. These are repre
in particular, a4, a7, b2, and b7 are involved in the dimeric interface
(Fig. 1B). Hydrophobic interactions, hydrogen bonds, and salt
bridges all contribute to dimer formation of syndesmos. Dimer-
ization occurs mainly by hydrophobic interactions via an extensive
hydrophobic interface (Fig. 2A), and the major contact area spans
1522.0 Å (14.4%) of the surface area of each monomer, with a
calculated solvation free energy gained upon formation of the
interface (DiG) of �21.5 kcal/mol, as determined by PISA [27,28]. To
confirm whether dimerization was an artifact of crystallization, gel
filtration analysis was performed (data not shown). The results
epresented by a ribbon diagram. The structure was visualized using the Pymol program.
r topology of syndesmos. a-Helices and b-strands are shownwith cylinders and arrows,
ic interface are represented by yellow asterisks. (For interpretation of the colors used in

imeric interface with a hydrophobic patch. The structure was rotated by 180� on the y-
e is maintained by these hydrophobic interactions. (BeD) Not all hydrogen atoms are
residues were located in b2, b7, a4, and a7. L40, F41, M46, F56, L140, and V143 in b2, b7,
sented using stick models.



H. Kim et al. / Biochemical and Biophysical Research Communications 463 (2015) 762e767 765
showed that syndesmos exists as a dimer in solution, consistent
with the crystal packing analysis. Syndesmos dimerizes via a4-a4,
a7-a7, b2-loop, b7-loop, and b7-b7 hydrophobic interactions. The
hydrophobic core is constituted by residues Leu40, Phe41, Met46,
Met54, Phe56, Leu137, Leu140, Val143, Pro146, and Tyr148 in b2-
loop, b7-loop, and b7-b7; these residues stabilize and maintain
the integrity of the overall tertiary structure (Fig. 2BeD). The
dimerization of syndesmos is further stabilized by peripheral in-
teractions primarily between hydrophobic residues (Ile127, Val130,
Fig. 3. Sequence alignment of the nudix hydrolase family proteins and structural com
desmos, human syndesmos, mouse Nudt16, human Nudt16, and Xenopus Nudt16 is displa
sequence alignment was produced using T-COFFEE and rendered using ESPript. (B) Crystal
The root mean square deviation (RMSD) of the backbone atoms between two structures is ca
syndesmos (D). Residues, Glu89, Glu92 and Glu93 of X29 are corresponding to Val81, Leu84
reader is referred to the web version of this article.)
and Leu203). In addition, formation of hydrogen bonds (Phe56-
Y148, Asp57-Gly156, Gly58-Asn159, His123-Val130, Glu126-
His135, Lue140-Arg144, and Asn163-Ala164) and salt bridges
(Glu126-His135) among these residues also support the dimeric
structure. The distribution of these hydrophobic amino acids in the
dimeric interface shows that they have a major effect on deter-
mining the tertiary structure via hydrophobic interactions between
the two monomers, resulting in formation of the compact dimer of
syndesmos.
parison of syndesmos and Nudt16. (A) Multiple sequence alignment of mouse syn-
yed. The nudix motif is highly conserved, with the exception of several residues. The
structures of both syndesmos (blue) and X29 (yellow) is displayed with superposition.
lculated as a 1.18Å. (C, D) Structures of the nudix motif are shown for both X29 (C) and
and Gly85 of syndesmos. (For interpretation of the colors used in this figure legend, the
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3.2. Structural comparison of syndesmos with Nudt16 proteins

We performed multiple sequence alignments among mouse
syndesmos, human syndesmos (PDB ID 3KVH), mouse Nudt16,
human Nudt16 (PDB ID 3MGM), and Xenopus Nudt16 (X29) (PDB
ID1U20); the results show that they are highly conserved (Fig. 3A).
Nudt16 shows a loop-helix-loop structure in the nudix motif (yel-
low box) which consists of GX5EX7REUXEEXGU (U indicates a bulky
hydrophobic residue) in Fig 3A. The sequence identity between
syndesmos and X29 (Nudt16, Xenopus laevis) was 46% (97/211), and
accordingly, high structural similarity was observed when
comparing the structure of syndesmos to X29 using the root mean
square deviation (RMSD) of backbone atoms <1.18 Å (Fig. 3B).
Syndesmos is represented in blue, X29 in yellow. Helix 2 in the
nudix motif of X29 contains three glutamate residues that coordi-
nate divalent metals: Glu89, Glu92, and Glu93 [1,2]. In order to bind
to pyrophosphate, these three glutamates coordinate with divalent
metals, Mn2þ or Mg2þ. However, syndesmos shows a completely
different structure. Helix 2 of syndesmos in the nudix motif is
shorter than that of X29 (Fig. 3C, D). In particular, the shortened
helix is missing the glutamate residues (Glu92 and Glu93 in X29)
that coordinate the two divalent metals; in addition, E89 in X29
was also changed to V81 in syndesmos, suggesting that syndesmos
does not possess metal binding activity. Although X29 and syn-
desmos show high sequence homology and overall structural
similarity, differences in the three active site amino acids result in
critical functional differences.

3.3. Interaction between syndesmos and Syn4cyto

To identify binding affinity between syndesmos and Syn4cyto, an
SPR experiment was performed. A synthesized biotinylated-Syn4-
cyto peptide was immobilized on an SA sensor chip and the binding
affinity was measured using purified syndesmos as the analyte. The
Fig. 4. Molecular interaction between syndesmos and Syn4cyto. (A) The syndesmos and
Biotinylated Syn4cyto peptide was immobilized on a streptavidin-coated SA chip. Syndesmos
of syndesmos. Data are shown in the following colors: ( ) 1.625 mM, ( ) 3.25 mM, ( )
response units. (B) Overlay of the two-dimensional 1He15N HSQC spectra of 15N-Syn4cytoap
assigned using 3D-HNCACB, CBCACONH, HNCA, and HNCO. (C) Titration of syndesmos into
first slow exchange transition corresponds to the canonical syndesmos binding event (1:0, 1
binding residues are represented in orange (chain A) and yellow (chain B). (For interpretation
article.)
relative response unit (RU) of binding of syndesmos to Syn4cyto was
found to correlate to protein concentration (1.625e208 mM), i.e., the
RU value increased as the protein concentration increased. The
dissociation constant was determined to be Kd ¼ 6.2 � 10�5 M
(Fig. 4A). We also performed a series of 2D [15Ne1H]eHSQC NMR
experiments to map the effect of syndesmos-binding events. Based
on known NMR data (3D-HNCACB, HNCA, CBCACONH, and HNCO)
for Syn4cyto assignments, we titrated syndesmos to Syn4cyto and
mapped the binding sites. 2D [15Ne1H]eHSQC spectra for Syn4cyto

alone were overlaid on those of Syn4cyto titrated with syndesmos at
molar ratios of 1:0.5 and 1:1 (Syn4cyto: syndesmos ¼ 1:0 ([lack],
1:0.5 [blue],1:1 [red]) (Fig. 4B). To determine the specific location of
the protein binding sites, we compared NMR peak intensities for
backbone NH groups in 2D [15Ne1H]eHSQC data for Syn4cyto bound
to syndesmos (Fig. 4B, C). The peaks for residues Lys177, Lys179,
Gly182, Ser183, and Lys193 disappeared at molar ratios of 1:0.5 and
1:1. The peaks for Lys178, Gly182, and Lys194 also diminished
drastically. Although the peaks for Thr197 and Asp198 of Syn4cyto

also vanished at a 1:1M ratio, these residuesmay not be involved in
binding interactions, because the region has already been shown
not to interact with syndesmos in pull-down assays [10]. In addi-
tion, these residues might be sensitive to changes in the magnetic
environment upon titration with syndesmos, leading to line
broadening, which is not an interactive event.

The crystal structure of syndesmos shows as a compact dimer
stabilized by hydrophobic interactions between monomers. We
have shown that the absence of the three key glutamate residues in
the nudix motif of syndesmos is responsible for loss of its hydrolase
function, despite the high sequence homology between syndesmos
and X29 [3]. In X29, the three glutamates in the nudix motif are
coordinated with divalent metal ions [3], however, in syndesmos
the glutamates are replaced to non-metal binding residues; valine,
glycine, and leucine. We found an unwinding of the helix-2 where
three glutamates are located. Our observations indicate that the
Syn4cyto interaction kinetics were determined by surface plasmon resonance (SPR).
and Syn4cyto interactions at pH 7.0 were analyzed by injecting different concentrations
6.50 mM, ( ) 13 mM, ( ) 26 mM, ( ) 52 mM, ( ) 104 mM, and ( ) 208 mM. RU:
o (black) and 15N-Syn4cyto titrated with syndesmos at a 1:1 M ratio (red). Syn4cyto was
15N-Syn4cyto was monitored by 15N NMR, which revealed two binding transitions. The
:0.5, and 1:1). (D) Surface and ribbon representation of the Syn4cyto dimer. Syndesmos
of the colors used in this figure legend, the reader is referred to the web version of this
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local structural rearrangement could change the enzyme activity of
syndesmos, as well as the loss of the metal-binding amino acids.
Regarding syndecan-4 interaction, we identified that several resi-
dues, Lys177, Lys178, Lys179, Gly182, and Ser183 in the C1 region,
and Lys193 and Lys194 in the V region of syn4cyto bind directly to
syndesmos protein. The binding affinity between syndesmos and
syn4cyto is relatively weak, Kd ¼ 62 mM. This weak interaction is
fundamentally important in promoting rapid on/off switching in
signal transduction and transient assembly/disassembly of
signaling complexes to regulate critical cellular signaling among
several focal adhesion proteins, including paxillin, PKCa, and
others, during cell migration and proliferation. Our results will
elucidate the structural characteristics of syndesmos and the mo-
lecular interaction mechanism of the syndesmos/syn4cyto complex.
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