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PDZ Tandem of Human Syntenin:
Crystal Structure and Functional Properties

mate receptors [8], neurofascin [7], syndecan-4 [1],
ephrin B [9, 10], ephrin A7 [9], PTP-� [11], neurexin I
[12], and merlin [13]. All the binding partners of syntenin
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Zbigniew Dauter,3 Jacek Otlewski,2

and Zygmunt S. Derewenda1,* are receptors except for merlin, a cytosolic tumor re-
pressor that is a product of the causal gene for type II1Department of Molecular Physiology and

Biological Physics and neurofibromatosis (NF) [14]. Merlin belongs to the pro-
tein 4.1 superfamily, which also includes ezrin, moesin,The Cancer Center

University of Virginia and radixin, and like its homologs, it binds actin [15].
Based on amino acid sequence analyses, synteninCharlottesville, Virginia 22908

2 Laboratory of Protein Engineering was predicted to contain a tandem of PDZ domains
(PDZ1 and PDZ2) preceded by an N-terminal fragmentInstitute of Biochemistry and Molecular Biology

University of Wroclaw of 112 amino acids of an unknown structure. PDZ do-
mains are ubiquitous signaling domains, with over 400Tamka 2

50-137 Wroclaw distinct copies in the human genome [16, 17], which
mediate protein-protein interactions. They may occur inPoland

3 Synchrotron Radiation Research Section proteins harboring other domains, such as SH2, RGSL,
PH, DH, or GUK, but are also found in proteins thatMacromolecular Crystallography Laboratory

NCI contain no other domains: an extreme example, MUPP,
is a scaffolding protein with 13 PDZ domains [18].Brookhaven National Laboratory

Upton, New York 11973 Through the PDZ domains, signaling proteins bind to
receptors, channels, and other targets, often functioning
as membrane-associated scaffolds for the assembly of
signaling complexes. Finally, PDZ-containing proteinsSummary
provide a means for subcellular targeting of their part-
ners, as exemplified by the function of Lin-2/CASK [19],Syntenin, a 33 kDa protein, interacts with several cell

membrane receptors and with merlin, the product of Lin-10/MINT1 [20], and GRIP [21, 22].
PDZ domains are structurally conserved modules,the causal gene for neurofibromatosis type II. We re-

port a crystal structure of the functional fragment of about 90 amino acids in length, with a distinct fold of
six � strands and two � helices [23, 24]. In most cases,human syntenin containing two canonical PDZ do-

mains, as well as binding studies for full-length syn- they recognize C-terminal sequence motifs of target
proteins and bind these peptides in a pocket betweentenin, the PDZ tandem, and isolated PDZ domains. We

show that the functional properties of syntenin are a the �2 strand and �2 helix. The PDZ domains are typi-
cally grouped into three classes depending on the targetresult of independent interactions with target pep-

tides, and that each domain is able to bind peptides tripeptides: class I (-S/T-X-φ), class II (-φ-X-φ), and
class III (-D/E-X-φ) [17]. Examples outside this paradigmbelonging to two different classes: PDZ1 binds pep-

tides from classes I and III, while PDZ2 interacts with are well documented, and some PDZ domains show
degenerate specificity [25]. It has also been reportedclasses I and II. The independent binding of merlin by

PDZ1 and syndecan-4 by PDZ2 provides direct evi- that interaction between adjacent PDZ domains may
modulate peptide binding, further complicating the pic-dence for the coupling of syndecan-mediated signal-

ing to actin regulation by merlin. ture. For example, the PDZ1-PDZ2 tandem within PSD-
95 appears to have different binding properties com-
pared to its isolated PDZ domains [16].Introduction

The multitude of syntenin’s putative partners, which
belong to all three classes of target proteins, suggestsSyntenin is a 298 residue long cytosolic protein, origi-

nally identified as a molecule linking syndecan-mediated that its PDZ domains may also exhibit degenerate speci-
ficities. Furthermore, it has been reported that the twosignaling to the cytoskeleton [1]. Subsequently, syntenin

was also found to play a role in protein trafficking [2, domains function in a cooperative fashion: for example,
isolated PDZ1 and PDZ2 apparently fail to bind merlin-3], cell adhesion [4], and activation of the transcription

factor Sox4 [5]. Of particular medical interest is the re- and IL5R�-derived peptides, whereas binding was re-
ported for full-length protein [5, 13]. A requirement forcent report that syntenin is overexpressed in breast and

gastric cancer cells and promotes their migration and the complete tandem was also reported for interac-
tion with PTP-� [11] and proTGF-� [3], whereas synde-metastasis [6]. The diverse biological functions of this

protein are a result of its interactions with numerous can-2 was reported to bind to PDZ1-PDZ2 or PDZ2-
PDZ2 tandem, but neither the isolated domains nortargets. There are currently at least ten putative binding

partners reported for syntenin, including IL-5 receptor PDZ1-PDZ1 [12].
In order to explain the molecular basis for the ob-� subunit (IL5R�) [5], neuroglian [7], proTGF-� [3], gluta-
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served properties of syntenin, we have initiated a sys- We note that the interaction between the two PDZ
domains within a monomer is less extensive than thetematic study aimed at characterizing syntenin’s molec-

ular structure and mechanism of action. Here, we report intermolecular PDZ1-PDZ2 interface. A total of 446 Å2

of solvent-accessible surface is buried by each intermo-the crystal structure of the intact PDZ tandem, residues
113–273, refined at 1.94 Å resolution. The structure re- lecular interaction. Furthermore, this interface is fairly

intimate, with a number of hydrogen bonds between theveals two PDZ domains that have fully solvent-accessi-
ble peptide binding pockets. We also report the results two domains. The few solvent molecules that are at this

interface mediate contacts between the two domains.of rigorous biophysical binding assays for isolated PDZ
domains, the PDZ tandem, and full-length syntenin, with In contrast, there are no direct hydrogen bonds between

the PDZ domains within a monomer. Both putative pep-peptides derived from three selected putative binding
partners for syntenin: IL5R�, syndecan-4, and merlin. tide binding grooves of syntenin are located on the same

face of the tandem monomer and are completely ex-These data reveal that the binding properties of syntenin
are a result of the independent binding events of the posed to the solvent, suggesting that syntenin has two

distinct and functional peptide binding sites.two PDZ domains, whose specificities show clear de-
generacy. The merlin-derived octapeptide shows the
highest affinity for syntenin, and a distinct selectivity for

Structure of the PDZ Domains of SynteninPDZ1. This result reaffirms that merlin is a physiologi-
A structural comparison of the two PDZ domains ofcally important partner for syntenin.
syntenin reveals that, in spite of a modest level of se-
quence identity (26%), they are structurally very similarResults and Discussion
to each other, with an rms deviation of 1.2 Å on C�
atoms. In both domains, the fragment equivalent to theModel Quality and Structure Overview
signature GLGF loop involved in the terminal carboxyl-The structure was solved with a three-wavelength MAD
ate binding deviates from the paradigm by an insertionexperiment, using a SeMet-labeled protein crystal. The
of a basic residue after the initial glycine (Arg in PDZ1model, refined at 1.94 Å resolution to a crystallographic
and His in PDZ2). Such insertions are rarely found inR value of 18.4% (Rfree 22.7%), contains a noncrystallo-
PDZ domains, but they do not seem to disturb the clustergraphic dimer of tandems in the asymmetric unit and a
of main chain amides that coordinate the incoming car-total of 325 residues (Table 1; Figure 1). The only syn-
boxylate of the target peptide. Typically, a Lys or Argtenin residue not included in the model is the C-terminal
located 4 or 5 residues prior to this loop assists in pep-phenylalanine of the second monomer. The refined
tide binding via a water-mediated hydrogen bond. Bothstructure conforms well to standard protein stereo-
of syntenin’s PDZ domains have a lysine 4 residueschemistry, with rms deviation from ideal bond lengths of
before the initial glycine.0.015 Å, and with only 2 residues falling into disallowed

In spite of these similarities, there are some notableregions of the Ramachandran plot as judged by Mol-
differences between the two domains. The most appar-Probity [26]. Only seven side chains are not visible in
ent is the length of the �2-�3 loop. When compared tothe �A-weighted 2mFobs � DFcalc electron density map
PDZ2, where this loop is shorter than in most other PDZcontoured at 1� (Figure 1C), and their occupancies were
domains, PDZ1 contains an insertion of 4 residues inset to zero. The average isotropic temperature factor
the �2-�3 loop (KSIDNGIF versus KN---GK).(B) for main chain atoms is 20.6 Å2, with the highest

Furthermore, in PDZ1, the peptide binding groove istemperature factors (�50 Å2 ) associated with the linker
narrower as compared to PDZ2 or other PDZ domainspeptides and the C-terminal end of the �2 helix of PDZ1,
(Figure 2A). This is best illustrated by comparing theall of which are nonetheless clearly visible.
distance from the beginning of �2 to the �2 strand ofThe crystallized fragment of syntenin contains two
PDZ2, to the corresponding distance in PDZ1, which isPDZ domains conjoined by a short linker (Arg193-
1.8 Å shorter.Pro194-Phe195-Glu196; Figure 1C). Like other domains

The electrostatic potential surrounding the peptidefrom this superfamily, the syntenin PDZ modules show
binding groove is another significant difference betweena typical fold with two opposing antiparallel � sheets
the two PDZ domains. The peptide binding surface ofcapped by two � helices. Each domain has at least one
PDZ1 is predominately positively charged, surrounded� strand that is partly contained in both sheets. In the
by 3 residues (Lys124, Arg128, and Lys130) from �2 andcrystal, the two PDZ tandems of syntenin are arranged in
2 residues (His175 and Lys179) from �2. Other basica head-to-tail fashion, related by a noncrystallographic
residues flank this region. PDZ2 lacks any clusters ofdyad, giving the contents of the asymmetric unit the
positively charged residues, with His208 as the onlyappearance of a four-leaf clover. Interestingly, the linker
charged side chain that extends over the peptide bind-residue Arg193 forms a salt bridge with Glu240 in PDZ2
ing groove (Figure 2B).and forms a hydrogen bond via its N� with a main chain

As a peptide binds to PDZ domains, it mimics ancarboxyl group of Phe154 in PDZ1. This may help to
additional antiparallel strand in the sheet containing �2.explain why Arg193 falls into a disallowed region of
The position of the �2 strand in both of syntenin’s PDZthe Ramachandran plot. Superposition of the monomers
domains is consistent with this mechanism, with thereveals that there is a slight difference in the angle be-
amino and carboxyl groups of Leu129 and Phe211 avail-tween the two PDZ domains in the two monomers, ex-
able for hydrogen bonding. This type of arrangementplaining why the dimer is noncrystallographic. This sug-
dictates that the terminal side chain of the peptide facesgests that the linker has considerable intrinsic flexibility

in solution. the interior of the binding pocket. Both PDZ domains
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Table 1. Data Collection and Refinement Statistics

Edge Peak Remote

Data Collection Statistics

Wavelength 0.97946 0.97900 0.97133
Resolution (Å) 30.0–1.94 (2.01–1.94)a 30.0–1.94 (2.01–1.94)a 30.0–1.94 (2.01–1.94)a

Total reflections 84,171 85,123 86,109
Unique reflections 22,557 22,608 23,095
Redundancy 3.7 3.8 3.7
Completeness (%) 97.4 (75.1) 97.1 (71.9) 98.8 (90.2)
Rsym (%)b 4.9 (25.9) 6.2 (31.2) 4.8 (31.1)
Average I/� (I) 20.2 23.1 19.7

Phasing Statistics

Phasing power,c iso/ano 0.37/0.27 0.23/0.35 —/0.31
RCullis,d iso/ano 0.43/0.69 0.71/0.57 —/0.66
Overall figure of merit (acentric): 0.68

Refinement Statistics

Resolution (Å) 30.0–1.94 (1.99–1.94)
Reflections (working) 21,926 (1,560)
Reflections (test) 1,182 (79)
Rwork (%)e 18.4 (24.0)
Rfree (%)e 22.7 (25.2)
Number of waters 254
Rms deviation from ideal geometry

Bonds (Å) 0.015
Angles (�) 1.80

Average B factor (Å2 )
Main chain 20.6
Side chain 26.3
Waters 47.0

a The numbers in parentheses describe the relevant value for the highest resolution shell.
b Rsym �	|Ii � 
I�|/	I, where Ii is the intensity of the i-th observation and 
I� is the mean intensity of the reflections. The values are for
unmerged Friedel pairs.
c Phasing power � 
[|Fh(calc)|/phase-integrated lack of closure] �
d RCullis � 
phase-integrated lack of closure�/
|Fph � Fp|�
e R � 	||Fobs| � |Fcalc||/	|Fobs|, crystallographic R factor, and Rfree � 	||Fobs| � |Fcalc||/	|Fobs|, where all reflections belong to a test set of randomly
selected data.

have a substantial hydrophobic pocket near the binding we found that the isolated PDZ1 and PDZ2 have signifi-
loop that could accommodate any of the large hy- cantly different stabilities: the free energy of unfolding,
drophobic side chains. The walls and floor of the peptide �Gun, for PDZ1 is �3.2 kcal/mol, whereas for PDZ2 it
binding groove in both PDZ domains are lined with hy- is �4.8 kcal/mol, putting it closer to the average of 5–15
drophobic residues. Neither PDZ domains has a histi- kcal/mol observed for globular proteins. Based on these
dine at the first position of �2, as is found in typical class values, the expected denaturation of the tandem, as
I PDZ domains. In syntenin, this position is occupied in simulated by combining single domain transitions,
PDZ1 and PDZ2 by Ser171 and Asp251, respectively. should be less cooperative, with a �Gun of �2.07 kcal/
The side chains of both of these residues hydrogen bond mol (Figure 3, insert). However, the experimental un-
to main chain amides at the end of �2. Overall, both of folding of the tandem follows a cooperative, two-state
the PDZ domains of syntenin appear to be suitable for profile, with a �Gun of �4.1 kcal/mol, suggesting that the
peptide binding, although the structural differences sug- domains are associated into a single entity undergoing
gest diverse specificities. cooperative denaturation. As already noted, PDZ1 of

one molecule interacts with PDZ2 of the adjacent one in
the crystal structure. The large buried interface suggestsStability Studies
that the interaction could be physiologically relevant, asAlthough the crystal structure indicates that both PDZ
indeed self-association has been reported for syntenindomains of syntenin are capable of binding peptides,
[7]. It is also possible that the two domains interact inmany previously reported binding studies using isolated
this way within a monomer, and that the crystal structurePDZ1 and PDZ2 domains have failed. In order to better
corresponds to a domain-swapped conformation. Whereasassess the feasibility of performing binding assays with
our data are consistent with weak, albeit identifiableisolated PDZ1 or PDZ2, we conducted stability studies
domain-domain interactions in syntenin, further workusing chemical denaturation monitored by circular di-
will be required to probe this issue.chroism (Figure 3). Full-length syntenin, the PDZ tan-

Finally, we note that the full-length protein also un-dem, and isolated PDZ1 (residues 113–193) and PDZ2
(residues 197–273) were used in the assay. Surprisingly, folds in a highly cooperative manner, and shows signifi-
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Figure 1. The Structure of the PDZ Tandem
of Syntenin

(A) A stereo C� trace with every tenth � car-
bon represented as a sphere and every twen-
tieth � carbon labeled, and colored from blue
to red as a function of residue number.
(B) Ribbon diagram of the asymmetric unit
colored by B factors. B factors are repre-
sented with low values (12 Å2 ) colored blue
and high values (43 Å2 ) colored red.
(C) Experimentally determined electron den-
sity map of the linker region contoured at 1�.
Residues 189–201 are shown for each mono-
mer. Figures were made using MOLSCRIPT
[47] (A and B) and POVSCRIPT (http://
people.brandeis.edu/�fenn/povscript/) (C)
and rendered with RASTER3D.

cantly higher stability (�Gun of �6.4 kcal/mol) than any Binding Properties of Syntenin and of Isolated
PDZ Domainsof the other constructs. This result may imply that the

N-terminal fragment of syntenin is folded and plays a In the case of full-length syntenin and the PDZ tandem,
we were interested in both the affinities and the stoichio-structural role in the protein, possibly interacting with

the PDZ domain(s), so that full-length syntenin dena- metries of peptide binding. With that in mind, we carried
out binding assays using isothermal titration calorimetrytures as a single entity.



Structure of the PDZ Tandem from Syntenin
463

Figure 2. A Comparison of PDZ1 and PDZ2 Domains of Syntenin

(A) Superposition of the two PDZ domains of syntenin. PDZ1 is gold and PDZ2 is blue. The �2 helices have been superposed to show the
similarity of the fold, yet emphasize the differences of the peptide binding groove. The same orientation is used for all three figures.
(B) The peptide binding surface of PDZ1. The electrostatic potential surface is shown with select residues that surround the peptide binding
groove labeled. A superposed C-terminal CRIPT-derived peptide from the structure of PSD-95 (1BE9 [23]) is shown semitransparent, with
side chains represented as cyan spheres in the � carbon position. The approximate locations of the P0, P-1, and P-2 binding pockets are
indicated by gold, pink, and green circles, respectively.
(C) The peptide binding surface of PDZ2 represented as described in (B). Figures were made using MOLSCRIPT [47] (A) and POVSCRIPT

(http://people.brandeis.edu/�fenn/povscript/) (B and C) and rendered with RASTER3D [48]. Electrostatic potentials were calculated in GRASP [49].

(ITC). The assays were conducted with the following the assays with octapeptides for merlin and IL5R�. The
results are very similar for IL5R�, but the merlin octapep-hexapeptides derived from three putative targets of syn-

tenin, each belonging to one of the three canonical tide binds an order of magnitude more tightly than the
corresponding hexapeptide, indicating the functionalclasses: LEDSVF (IL5R�) representing class I, TNEFYA

(syndecan-4) from class II, and AFFEEL (merlin) from importance of residues -6 and -7.
The determination of Kd values for isolated domainsclass III. We found that all peptides bind to full-length

syntenin and to PDZ tandem with dissociation constants by ITC proved difficult, because PDZ1 aggregated at the
required high concentration and isolated PDZ2 (residues(Kd) in the low �M range (Figure 4; Table 2). Interestingly,

the IL5R�-derived peptide shows a stoichiometry of 2:1 197–273) was prone to oligomerization (data not shown).
To overcome the aggregation problems, we used a fluo-for the tandem, but only 1:1 for full-length syntenin,

whereas all other measurements indicate equimolar rescence-based approach using dansylated hexapep-
tides, allowing for significantly lower protein concentra-complexes. This is further evidence that suggests a

functional role for the N-terminal domain. tion [27]. We also changed the PDZ2 construct to
residues 197–298, which includes syntenin’s natural CTo assess whether residues upstream of the C-ter-

minal hexapeptide contribute to binding, we performed terminus. To assess whether either the technique or

Figure 3. Stability of Syntenin Constructs

GdmCl-induced unfolding of PDZ1 (�), PDZ2
(�), tandem of PDZ domains (�), and full-
length (�) of syntenin. Measurements were
performed in 25 mM Tris, 50 mM NaCl (pH
7.4). Transitions were monitored by the
changes of the CD signal at 222 nm. Data
were normalized as “fraction unfolded” and
fitted to the equation in the text. Insert: com-
bined single domain transitions (�) and tan-
dem of PDZ domains transition (�).
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Figure 5. Binding of Dansyl-Labeled Peptides to Syntenin

Binding of dansyl-RVAFFEEL to PDZ1 (), dansyl-AFFEEL to PDZ1
(�), dansyl-LEDSVF to PDZ1 (�), and PDZ2 (�) and dansyl-TNEFYA
to PDZ2 (�). Data were normalized as “fraction bound,” so that the
initial fluorescence was zero and the fluorescence at saturation was
equal to unity.

with the 2:1 stoichiometry observed by ITC. The merlin-
derived peptide shows no significant affinity toward
PDZ2, but binds to PDZ1, to the tandem and the full-
length protein, with almost identical Kd values in the
sub-�M range. The merlin octapeptide binds to PDZ1
with significantly higher affinity than the hexapeptide, in
agreement with the ITC results. The syndecan-4 peptideFigure 4. Representative Calorimetric Titration of PDZ Tandem of

Syntenin with LEDSVF Peptide interacts exclusively with PDZ2, with an affinity virtually
identical to those observed for the PDZ tandem and full-Top: raw heat data corrected for base drift, obtained from 14 con-

secutive injections of 11.2 mM LEDSVF peptide into a sample cell length syntenin. This result is again consistent with the
(1,250 �l) containing 140 �M PDZ tandem of syntenin. 1:1 stoichiometry determined by ITC. However, it is in
Bottom: the binding isotherm created by plotting the areas under conflict with the previously reported 2:1 stoichiometry
the peaks against the molar ratio of the peptide added to the PDZ

for the whole C-terminal domain of syndecan-2 [12].tandem present in the cell and the fit line to the model of independent
It has been suggested previously that the N-terminalsites. The heats of mixing (dilution) have been subtracted.

fragment of syntenin plays a regulatory function. For
example, the association of PTP-� with syntenin was
shown to be regulated by tyrosine phosphorylationpeptide dansylation influenced the observed affinities,

we included the PDZ tandem in our measurements as within this fragment, with phosphorylation preventing
the association [11]. This indicates that the N-terminala control. We found that the fluorescence data agree

well with the calorimetric titrations (Figure 5; Table 3). fragment may, at least under some conditions, regulate
the availability of at least one of syntenin’s peptide bind-The IL5R� peptide binds to both PDZ domains with

similar Kd values in the mid-�M range, in agreement ing pockets. Our data do not provide a clear answer in

Table 2. Isothermal Calorimetry of Syntenin Interactions

LEDSVF ETLEDSVF AFFEEL RVAFFEEL TNEFYA
(IL5R�) (IL5R�) (Merlin) (Merlin) (Syndecan)

PDZ Tandem
Kd 43.8 �M 32.2 �M 11.6 �M 200 nM 2.9 �M
n 2.26 2.07 0.94 1.12 1.11
�H �2.1 kJ �7.6 kJ �7.1 kJ �3.1 kJ �5.4 kJ

Full-Length

Kd 19.5 �M 10.1 �M 8.9 �M 869 nM 2.5 �M
n 1.09 1.12 1.3 1.16 1.14
�H �4.7 kJ �8.87 �8.9 kJ �7.3 kJ �9.8 kJ

Dissociation constants, stoichiometries, and enthalpies for the interactions of the IL5R�-, merlin-, and syndecan-derived peptides, with the
PDZ tandem of syntenin and full-length protein, determined by ITC. Representative data are shown for experiments that were conducted at
least twice for each interaction.
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Table 3. Dissociation Constants of Syntenin Interactions by Fluorimetric Titrations

DNS-EDSVF DNS-FFEEL DNS-VAFFEEL DNS-NEFYA
(IL5R�) (Merlin) (Merlin) (Syndecan)

PDZ-PDZ 18.5 �M (�3.2) 6.8 �M (�1.1) 495 nM (�55) 2.1 �M (�0.3)
PDZ1 10.6 �M (�0.8) 5.0 �M (�0.7) 268 nM (�28) �1 mM
PDZ2 1.9 �M (�0.3) �0.6 mM �1 mM 2.3 �M (�0.5)

Dissociation constants for the interactions of the IL5R�-, merlin-, and syndecan-derived dansylated peptides, with the PDZ tandem of syntenin
and isolated PDZ domains, determined by fluorimetric titration. Estimates of error are derived from experimental data.

this regard. The ITC data show that the IL5R� peptide human genome (Figure 6). Ciona intestinalis, a primitive
tunicate with the smallest known genome amongbinds to only one PDZ domain of full-length syntenin,

but to both in the tandem. Merlin, which binds only to Chordata, shows the presence of sequences highly simi-
lar (50%–60% identity) to the human protein. The highPDZ1, does so within the context of full-length syntenin

as well, suggesting that it is the PDZ2 that is occluded sequence similarity among such diverse species sug-
gests that the molecule predates the appearance ofby the N-terminal domain. However, the syndecan-4

peptide is selective for PDZ2 and also binds to full- vertebrates.
length syntenin. Further experiments will be necessary
to resolve this inconsistency. Syntenin: A Link between Syndecan

and the Actin CytoskeletonTaken together, the structural and binding data indi-
cate that the two domains within the syntenin PDZ tan- The biological function of syntenin and its domain struc-

ture appear to have been stringently guarded by evolu-dem function independently. Each domain shows de-
generate specificity, so that PDZ1 binds peptides from tionary mechanisms. The present study strongly sup-

ports earlier suggestions that merlin is a physiologicallymerlin and IL5R�, whereas PDZ2 shows affinity toward
IL5R� and syndecan-4. Although our data are internally relevant partner for syntenin. Because merlin is an actin

binding protein, syntenin may provide another link forconsistent and reproducible, they are in conflict with
some reports in the literature that claim individual PDZ syndecan-regulated signaling to the cytoskeleton, with

syntenin meditating the colocalization of syndecan,domains are incapable of binding peptides.
through PDZ2, and merlin, through PDZ1. It will be com-
parable to the current model of syndecan signaling toSimilarities to Other PDZ Domains

As the number of known PDZ domains grows and their actin, through PDZ-containing CASK and protein 4.1
[29] or direct binding to another of the ERM proteins,importance in a myriad of cellular events becomes evi-

dent, numerous attempts have been made to elucidate ezrin [30, 31]. The FERM domain of merlin binds ezrin
and could block the interaction of ezrin to actin [31].the factors that govern their specificity. High-resolution

crystal structures and solution NMR structures have This alternate anchoring signal pathway may give clues
regarding the involvement of syntenin in metastasis ornow been determined for a number of PDZ domains

that were classified into distinct groups. It is clear that the tumor suppressor function of merlin. The identifica-
tion of the syntenin homolog in Anopheles prompted usthe overall fold of the domain is well conserved, and the

specificity is governed by subtle structural and amino to look in the mosquito’s genome for the homologs of
merlin and syndecan. We found an annotated merlinacid sequence variation. The application of generalized

rules for governing PDZ domain specificity is compli- homolog with a 57% amino acid identity to the human
protein and fully conserved C-terminal RVAFFEEL se-cated by those PDZ domains that show degenerate

specificity for more than one archetypal class of peptide. quence. Similarly, we found the presence of a syndecan-
related protein, with a highly conserved C terminus con-Syntenin is one of the examples of this growing group.

Both of syntenin’s PDZ domains fit the overall fold of taining the TNEFYA motif.
PDZ domains well, with an average rms deviation from
the known X-ray structures of 1.4 Å and 1.1 Å for PDZ1 Biological Implications
and PDZ2, respectively.

Syntenin, with its tandem PDZ structure, appears to Syntenin is a ubiquitous protein involved in protein tar-
geting and multiprotein assembly, and it is overex-have been well conserved during evolution. The rat and

mouse syntenins are virtually identical to the human pressed in certain cancer cell lines. As inferred from
numerous yeast two-hybrid screens and other biochem-protein. Recently, the jumbo tiger shrimp Penaeus

monodon was reported to contain a protein similar to ical assays, syntenin binds biologically important recep-
tors such as IL5R� and syndecan, as well as the cyto-syntenin with extremely high amino acid sequence iden-

tity, when compared to the human protein, of 56% and solic actin regulator merlin, which is a tumor suppressor
and a product of the causal gene of neurofibromatosis64%, for PDZ1 and PDZ2 domains, respectively [28].

We conducted a BLAST search of the genome of the type II. The crystal structure of the biologically functional
fragment of syntenin, residues 113–273, solved at 1.94 Åmalaria vector Anopheles gambiae, and found a protein

annotated as a syntenin, with 50% amino acid identity resolution, reveals the presence of two canonical PDZ
domains, connected by a 4 residue linker. Both domainsto the human molecule. It is noteworthy that both the

Anopheles and Penaeus homologs are far more similar appear to be free to interact with target peptides. It is
the first crystal structure containing more than one PDZto the human protein than any other PDZ domain in the
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Figure 6. Amino Acid Sequence Alignment of Human Syntenin with the Anopheles and Penaeus Homologs

The secondary structural elements shown correspond to the PDZ tandem presented in this work.

protein expression vector containing the recombinant TEV proteasedomain from a single protein. Our binding studies, using
(rTEV) cleavage site. The integrity of the insert was verified by directstringent biophysical techniques such as isothermal ti-
DNA sequencing. The expression of the proteins was induced by 1tration calorimetry and fluorimetric titration, show that
mM IPTG in E. coli BL21 strain (Stratagene). The SeMet-labeled

the properties of the tandem are the sum of the binding PDZ tandem was expressed in the D834 strain (Novagen) with M9
properties of the individual domains, with no detectable medium with addition of SeMet. The expressed proteins were puri-

fied by affinity chromatography using a glutathione-Sepharose 4Bcooperative effects. Each domain is able to bind pep-
(Amersham Pharmacia Biotech). The recombinant protein was sub-tides belonging to two different classes: PDZ1 binds
jected to a HiPrep 26/10 desalting column (Amersham Pharmaciapeptides corresponding to merlin and IL5R� (classes I
Biotech) equilibrated with 50 mM Tris-HCl (pH 7.5), 150 mM NaCl,and III), whereas PDZ2 interacts with peptides derived
and was digested using rTEV (Life Technologies) at 10�C in the

from IL5R� and syndecan-4 (classes I and II). The sepa- presence of 0.5 mM EDTA, 1 mM DTT. After complete digestion, the
rate interactions of merlin with PDZ1 and that of synde- GST tag was removed using a glutathione-Sepharose 4B column. A

gel filtration was performed with a Superdex G75 column (Amershamcan-4 with PDZ2 suggest the physiological coupling of
Pharmacia Biotech) equilibrated with 20 mM Tris-HCl (pH 7.5), andsyndecan to merlin through syntenin. Because merlin
the fractions containing the PDZ tandem were collected and con-binds actin, this pathway could be vital for merlin’s func-
centrated using Centriprep YM10 for crystallization screening. Thetion as a tumor repressor. The recently completed ge-
purified proteins contain an additional five amino acids (GAMDP) at

nome of the malaria vector Anopheles gambiae contains the N terminus due to the cloning procedure.
homologs of both syntenin and merlin, indicating that
this pathway has been conserved during evolution. Crystallization and Data Collection

Crystal Screen (Hampton Research) was used for preliminary
screening. Subsequently, crystallization conditions were optimizedExperimental Procedures
around 0.1 M sodium acetate (pH 4.6) containing 24% PEG4000
and 0.2 M ammonium acetate. The sitting drop vapor diffusionExpression and Purification of Protein Samples

A syntenin clone was obtained from American Tissue and Culture method was used for all crystallization trials. Drops were formed
with 3 �l of protein solution (6 mg/ml) and 3 �l of reservoir buffer,Collection (ATCC 72537). The DNA encoding full-length (residues

1–298), PDZ tandem (113–273), PDZ1 (113–193), and PDZ2 (197–273 and were overlaid with 15 �l of a 1:1 mixture of silicon and mineral
oil. Crystallization trays were stored at 21�C. The best crystals wereand 197–298) domains of syntenin were amplified by PCR and

cloned into the parallel vector pGST-parallel1 [32], a GST-fusion obtained after microseeding. The crystals used for data collection
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were briefly soaked in the crystallization buffer containing 12.5% under following conditions: � excitation � 335 nm, � emission �

540 nm, and excitation and emission slit width � 5 nm.(v/v) glycerol and frozen by immersion in liquid nitrogen. The struc-
ture was solved using a three-wavelength MAD experiment with
SeMet-labeled crystals, with 180 images (1� rotation) collected for Stability Measurements
each wavelength. Data were collected at 0.97946 Å (edge wave- Solvent denaturations were performed on a J-715 spectropolari-
length), 0.97133 Å (remote wavelength), and 0.97900 Å (peak wave- meter (Jasco) at 21�C with the automatic titrator (Jasco automatic
length). The crystals are in space group C2, with unit cell parameters titration system) in 25 mM Tris-HCl, 50 mM NaCl (pH 7.4) and the
a � 100.7 Å, b � 48.7 Å, c � 74.7 Å, and � � 120.8�. All data were indicated concentration of guanidinium chloride (GdmCl). The tran-
collected at beamline X9B at the NSLS, and processed and scaled sitions were monitored by the decrease of the CD signal at 222 nm
using HKL2000 [33]. Data collection statistics are presented in Table and at 2 nm bandwidth. The apparent free-energy changes in the
1. The programs SnB [34] and SHELXS [35] were used to locate six absence of GdmCl (�Gun) were determined by fitting the ellipticity
of the eight selenium atoms in the asymmetric unit. Phases were intensity changes at particular concentrations of GdmCl to the equa-
generated in SHARP [36] and improved by density modification in tion given elsewhere [46]. Analysis of the data was performed by
SOLOMON [37]. These phases were used as the starting point for the program Grafit 3.01 (Erithacus Software). GdmCl concentration
automatic model building in ARP/wARP [38]. This generated 275 of was determined by refractometry.
the 332 residues in the asymmetric unit. After manually determining
which of the resulting polypeptide chains belonged to each mono-

Acknowledgmentsmer in the asymmetric unit, ARP/wARP [38] was used to dock the
side chains. Manual model building was performed in O [39]. All but

This work was supported by the DOD grant DAMD17-01-1-0720 (toone of the 322 syntenin residues in the asymmetric unit were in-
Z.S.D.). A NATO Collaborative Link grant to Z.S.D. and J.O. is grate-cluded in the model, as were 4 N-terminal residues that are an
fully acknowledged. J.O. is an International Scholar of the Howardartifact of subcloning. Solvent was added using ARP/wARP [38]. A
Hughes Medical Institute. We thank Mary Lewis for excellent techni-combination of CNS [40] and REFMAC5 [41] was used to refine this
cal assistance. Z.S.D. thanks Dr. R.L. Biltonen (University of Virginia)initial model to an R factor of 18.4% and an Rfree of 22.7%. Maximum
for invaluable discussions.likelihood residuals were used throughout the refinement process.

TLS refinement [42] and inclusion of experimental phase information
[43] from SHARP were included in later stages of refinement to Received: November 26, 2002

Revised: January 14, 2003minimize the difference between Rwork and Rfree. MOLPROBITY [26]
and OOPS2 [44] were used as validation tools during refinement Accepted: January 24, 2003

Published: April 1, 2003and rebuilding. Refinement data are presented in Table 1.
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