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ABSTRACT. PDZ domains are among the most abundant protein modules in the known genomes. Their
main function is to provide scaffolds for membrane-associated protein complexes by binding to the cytosolic,
C-terminal fragments of receptors, channels, and other integral membrane proteins. Here, using both
heteronuclear NMR and single crystal X-ray diffraction, we show how peptides with different sequences,
including those corresponding to the C-termini of syndecan, neurexin, and ephrin B, can simultaneously
bind to both PDZ domains of the scaffolding protein syntenin. The PDZ2 domain binds these peptides in
the canonical fashion, and an induced fit mechanism allows for the accommodation of a range of side
chains in the Pand P, positions. However, binding to the PDZ1 domain requires that the target peptide
assume a noncanonical conformation. These data help explain how syntenin, and perhaps other PDZ-
containing proteins, may preferentially bind to dimeric and clustered targets, and provide a mechanistic
explanation for the previously reported cooperative ligand binding by syntenin’s two PDZ domains.

PDZ* domains (postsynaptic density protein, disc large, pockets §). However, this model fails to explain the diversity
and zonula occludens) are found in all organisms from of the observed interactions, including degeneracy of speci-
bacteria to vertebrates and constitute one of the mostficity and apparent cooperativity of binding of certain PDZ-
abundant protein domain families in the human genoine ( containing proteins to their oligomeric targe®).(

2). These protein modules are found within diverse, multi-  Syntenin is an adaptor-like molecule containing two PDZ
domain regulatory cytoplasmic proteins and play an impor- domains 7). It was originally identified as a syndecan
tant role in their targeting to specific cell membrane receptors binding protein 8§) and subsequently found to be involved
and channels and in assembling supramolecular signalingin diverse physiological processes such as cell adhe8jon (
complexes §). The PDZ domains are approximately 90 protein trafficking (0, 11), and activation of transcription
residues long and are structurally highly conserved in spite factors (2). Syntenin was found to be overexpressed in
of significant sequence diversityd), They function by breast and gastric cancer cells promoting their migration and
binding to the C-terminal fragments of target proteins with metastasisl(3). The diverse biological functions of syntenin
the terminal carboxylate anchored within a unique, glycine- result from its binding to the cytoplasmic domains of
rich loop @). The bound fragment typically assumes an numerous physiologically relevant signaling and adhesion
extended conformation, and the canonical model of the molecules, such as syndeca®s 14), neurexins 14, 15),
PDZ—target interaction implies that the selectivity is ac- and ephrin B 14, 16, 17), among others. Since these targets
complished primarily by the side chains of residugsafd contain diverse C-terminal sequences, syntenin must exhibit
P-2, both of which fitting into their respective specificity considerable degeneracy of specificity. It has also been
established by several independent studies that interactions

T This work was supported by DOD Grant DAMD17-01-1-0720 to ~ of syntenin with cell-surface proteins are mediated coopera-
Z.S.D. tively by both of its PDZ domains3( 10, 14—16), suggesting

* Structure coordinates have been deposited in the PDB with ID codes - . L .
1V1T, 1W9E, 1W90, and 1YBO for the complexes of syntenin tandem that at least in some cases the two distinctly different PDZ

with TNEYKV, TNEFYF, TNEYYV, and syndecan 17-mer, respec- domains bind identical target sequences.
tively. Mutational @, 14) and crystallographic studie§)(pro-
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2sd4n@virginia.edu. Tel: (434) 924 5108, Fax: (434) 982 1616. vided some insight into the molecular mechanism of syntenin

s University of Virginia School of Medicine. and revealed that s_yntenin_mainl_y re_cognizes the side_chains
"On leave from the Wroclaw University of Technology, Poland.  of the three C-terminal amino acids in the target protey (P
7On leave from the University of Wroclaw, Poland. P-1, and P.,) while the residues upstream are not involved.

#Kyungpook National University. . . I
1 Abbreviations: PDZ, postsynaptic density protein, disc large, and | N€ combinatorial utilization of any two of the three pockets

zonula occludens); PEG, poly(ethylene glycol); HSQC, heteronuclear in the PDZ2 domain provides some explanation of degenerate
single quantum coherence; ITC, isothermal titration calorimetry; GRIP1, specificities, but neither for the cooperative effects nor for

glucocorticoid receptor interacting protein 1; Pals1, protein associated iotic hindi ;
with lin seven-1; Par6, partitioning-defective protein 6; NHERF, the synergistic binding of both PDZ domains to the same

sodium-hydrogen exchanger regulatory factor; PSD-95, postsynaptic farget 0-8) In Order. to better L{nderStand. these phenome.na,
density protein of 95 kDa. we designed a series of peptides containing the C-terminal
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tripeptide sequences corresponding to, among others, syn+ e 1- Crystallographic Data
decan, neurexin, and ephrin B, and we studied their interac-

tions with the intact PDZ tandem of syntenin in solution, data set TNEFYF  TNEYYV TNEYKV S{?f’ni‘;?”

using heteronuclear NMR spectroscopy, as well as in crystals, Experimental Data

using crystallography. wavelength ) 097946  1.04020  0.97912  0.97960
Our results confirm that peptides corresponding to the Eﬁﬁcciﬁ";’:rgms A P4i2,2 P22 PA22 P22

p-term|n| Qf selected cell-surface proteins can smultaneogsly a 7291 7213 73.34 73.32

interact with both PDZ1 and PDZ2 domains of syntenin, p 72.21 72.13 73.34 73.32

although with markedly different affinities. The crystal C| tion (&) 16236-20;31 - 515%22225 62225‘£f . 4&35é9?2)

H H H resolution . . . . . . . .
structures of t_he PDz tande_m in complex W|th four dlffer_e_nt (1.63-1.56) (2.33-2.25) (LBL1.75) (2.38.2.3)
peptides confirm the canonical model of peptide recognition ynique refins 48061 16413 34079 15450
by the PDZ2 module. Further, we extend our model for completeness (%) 100 99.2 (99.4) 98.7 (99.8) 99.3(99.9)
degenerate binding through description of an induced fit Rmerge(%)° 6.3(525)  6.6(35.6) 9.1(26.2) 6.1(12.6)

average/o(l) 39.9(4.25) 29.3(6.4) 19.0(5.7) 30.9(18.4)

mechanism by which the PDZ2 binding groove adapts

; ; Refinement Details
conformationally to.d"’efse sequences. We al_so present NMR, jution ) 63.251.56 8.0-2.25 63.251.80 40.6-2.3
and crystallographl_c ev_ldence f_or noncanonical interactions refins (working) 47197 15024 30277 14591
of the PDZ1 domain with peptide targets. These data help refins (test) 989 945 993 800
to understand syntenin’s interactions with its targets and E(Nork(s/;’f %i gé-i %g-g ;g-i
. . . ree (70 . . . B
suggest a possible explanation for the previously reported | <\ aiers 295 200 281 190

rative eff . -
cooperative effects Rms Deviation from Ideal Geometry

bonds (A) 0.017 0.011 0.016 0.011
MATERIALS AND METHODS angles (deg) 1.494 1.200 1.475 2.612
averageB factor (%)
Design of PeptideBecause of the apparent discrepancy  main chain 19.6 315 28.8 27.7
iy i indi side chain 23.2 32.7 325 28.3
between thg original report of the cooperative binding of both waters 39 17 e 319
PDZ domains of syntenin to syndeca8, (14) and our peptide in PDZ2  29.4 116 37.0 346

previously reported work which showed that the isolated  peptidein PDz1 33.8
PDz2 dqmgm binds the syndecan derlveq pep'tlde N &  aThe numbers in parentheses describe the relevant value for the
manner similar to that of the tandef),(we first investigated highest resolution shel.Rnerge= ¥ |li — VY |1, wherel; is the intensity
the binding of the syndecan’s C-terminal 17-mer peptide to of theith observation andilis the mean intensity of the reflections.
the intact PDZ tandem of syntenin using X-ray diffraction. °R= 2IIFol — IFcll/3|Fol, crystallographi& factor, antRyee = 3 || Fol
The refined model revealed a peptide Iigand bound only to |Fc||/Y |Fol, where all reflections belong to the test set of randomly
. : . selected data.
PDZ2 of both molecules in the asymmetric unit. Out of the

17 amino acids of the peptide, only six were visible in the tandem with peptides was carried out with the PEG lon
electron density map bound to the PDZ2 domain of molecule Crystal screen (Hampton Research). The best crystals were
1, and just four in molecule 2. No side chains upstream of gptained with 8 mg/mL protein concentration, from 0.2 M
P_, were engaged in the interactions. Interestingly, the critical NH,CI and 20% PEG 3350, using a 1:4 molar ratio of protein
intermolecular contacts in this crystal were formed by the gng peptide. Drops were formed withuIL of protein solution
glutamate in the B position of the peptide, and not by the  and 1L of reservoir solution and were overlaid with 15
protein. This suggested to us that we could use the syndecan,|_ of a 1:1 mixture of silicon and mineral oil. The best
template (TNEFYA) to generate a series of isomorphous crystals were obtained by microseeding using the sitting drop
crystal complexes with varying C-terminal tripeptides. Such vapor-diffusion technique at room temperature.
isomorphous series gave us the opportunity to study in some  pata Collection, Structure Determination, and Refinement.
detail any potential induced-fit effects. Consequently, we Crystals used for data collection were briefly soaked in the
used hexapeptides with the sequences YXE (where  crystallization buffer containing 15% glycerol and frozen by
YYV corresponds to the C-terminus of neurexin), TRV immersion in liquid nitrogen. Data for the complex with
(where YKV is the signature sequence for ephrin B), and a TNEFYF, TNEYYV, and syndecan 17-mer peptides were
synthetic peptide TNEYF designed for optimal fitinto the ¢ollected at beamline X9B at the National Synchrotron Light
PDZ2 pocket. The use of such hexapeptides as models forsource (Brookhaven National Laboratory) under cryocon-
ephrin and neurexin C-termini is justified by mutation8| ( ditions using the ADSC Quantum4 CCD detector. Data for
14) and crystallographic studie)( which revealed that  the complex with TNEYKYV were collected at beamline 221D
syntenin mainly recognizes the three C-terminal amino acids at the Advanced Photon Source (Argonne National Labora-
in the target protein ( P-1, and P) while the residues  tory), also under cryoconditions and with the MAR-
upstream are not involved. We also used the syndecan wild-RESEARCH CCD detector. Data were processed and scaled
type TNEFYA hexapeptide for binding measurements, to ysing HKL2000 (9). Crystallographic details, including unit
complete the series. cells and data statistics, are shown in Table 1. The positions
Protein Expression, Purification, and CrystallizatioA. of the starting models for the PDZ tandem molecules were
syntenin PDZ tandem (residues H373) was expressed and optimized using AMORE Z0). As a search model for the
purified according to the procedures described elsewfi@re (  complex of the syntenin PDZ tandem with the TNEFYF
Synthesized peptides syndecan 17-mer, TNEFYF, TNEYYV, peptide we used the structure of the unliganded PDZ tandem
and TNEYKYV were purchased from BioSynthesis, Inc. An (entry 1N99 in the PDB). Subsequently, the complex with
initial search for crystals of complexes of syntenin PDZ TNEFYF peptide refined at 1.56 A resolution was used as a
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Ficure 1. Chemical shift changes of amides observed upon titration of the syntenin PDZ tandem with hexapeptides: (A) TNEFYA; (B)
TNEYKYV; (C) TNEFYF; (D) TNEYYV. Chemical shift changes are mapped onto the structure of the complex with the TNEFYF peptide
(peptides in PDZ1 and PDZ2 are shown in blue). Color coding is based on the magnitude of chemical shift pertuxbagdculated
according to the formula = [Aopn? + (0.11A0n)3 Y2 The following colors are used: grag, < 0.05 ppm; cyan, 0.05 A < 0.1 ppm;

yellow, A = 0.1 ppm; the most perturbed amides broadened beyond the detection limit upon complex formation are shown in red.

starting model for the molecular replacement. The atomic Figure 1 shows the PDZ tandem of syntenin with residues
models were refined with REFMAC2() from the CCP4 color coded for chemical shifts observed upon titration with
suite @2). The structures were refined to 1.56 A, 1.8 A, 2.25 TNEFYA (Figure 1A), TNEYKV (Figure 1B), TNEFYF
A, and 2.3 A for the complex of syntenin PDZ tandem with (Figure 1C), and TNEYYV (Figure 1D) peptides. All
TNEFYF, TNEYKV, TNEYYV, and syndecan 17-mer peptides bind to both PDZ1 and PDZ2 (see also Figure 2A),
peptides. Manual model building was performed inZ3)( although the magnitudes of the associated chemical shift
The details of the refinement are given in Table 1. changes differ significantly. Data are consistent with fast
NMR Measurement$/easurements of syntenipeptide exchange kinetics (Figure 2HD) and relatively weak
interactions were carried out using a serie§bf'>N HSQC affinities (Table 2). In all cases the most significant chemical
spectra. Experiments were carried out using 0.2 AYM shift changes are seen within the PDZ2 domain, with
labeled PDZ tandem (residues #373) in 50 mM phos- corresponding dissociation constaidp) values within a
phate buffer, pH 6.5 and 150 mM NaCl at 30. Samples  0.1-1.15 mM range. The TNEFYF and TNEYYV (neurexin)

for titration experiments were prepared by mixing 0.2 mM
protein with 20 mM peptide stock solutions (in DM St}

in ratios ranging from 1:0.5 to 1:16. Dissociation constants
for syntenin-peptide complexes were calculated from least-
squares fitting of chemical shift changes as a function of

peptides also cause extensive chemical shift perturbations
in the PDZ1 domain, consistent with similar affinities. In
contrast, the TNEFYA (syndecan) and TNEYKYV (ephrin B)
peptides bind to PDZ1 poorly, witkp values higher by least

an order of magnitude.

ligand concentration2d). Interpretation of chemical shift
changes was based on previously completed assign@®nt (it of Atomic ModelsStructures of the PDZ tandem with
NMR spectra were collected at 3€ using \_/arlan Inova _the TNEYYV, TNEYKYV, and TNEFYF hexapeptides were
500 and 600 MHz spectrometers. Processing and analysigefined at 2.25 A, 1.80 A and 1.56 A, respectively (Table
of NMR spectra was carried out in NMRPip@§j and 1) The corresponding atomic models were refined to
Spa_lrky _(Goddard, T. _D., and Kneller, J. M., University of crystallographicR factor values of 21.8%Ryee = 28.1%),
California, San Francisco) programs. 18.3% Ryee = 22.9%), and 17.2%Fee = 20.1%). In each
RESULTS case the asymmetric unit contained a noncrystallographic
dimer of PDZ tandems (residues ¥1373 of syntenin). With

Binding of Target Peptides to PDZ Domains of Syntenin the exceptions of no more than five side chains per tandem,
in Solution.In order to evaluate the binding of the designed all residues were clearly visible in tha-weighted InF, —
hexapeptides to the PDZ tandem we used heteronuclear NMRDF. electron density map contoured at.1The average
spectroscopy. In contrast to other techniques, analysis oftemperature factorsBj for main chain atoms were: 19.6,
chemical shift perturbation allows for both the detection of 31.5, and 28.8 A for the complexes with TNEFYF,
low affinity interactions and the detection of independent TNEYYV, and TNEYKV (Table 1). In all complexes,
binding to each of the two PDZ domains within the tandem. peptides were found in the binding grooves of both PDZ2
We first carried out the assignmentf and'>N chemical domains within the noncrystallographic dimer (Figure-3B
shifts for the!>N-labeled tandem, residues 1373 @5). D). With the exception of the complex involving the
The binding was analyzed using a seriestéf-1>N HSQC TNEFYF peptide, no interpretable electron density was
spectra recorded for the PDZ tandem in the presence ofobserved in the PDZ1 binding groove. However, there was
peptides at increasing concentrations. The data unambigu-unambiguously interpretable electron density for the four
ously identified the residues affected by peptide binding and C-terminal amino acids of the TNEFYF peptide in the
yielded dissociation constants from the fitting of chemical binding groove of the PDZ1 domain of molecule 1 (Figure
shift changes as a function of a ligand concentrat®f.( 3A).

Crystal Structures of PeptideTandem Complexes: Qual-
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Ficure 2: Changes in NMR spectra of the syntenin PDZ tandem upon peptide binding. (A) Superpositiorttéf-#id HSQC spectra
of the free protein (black) and upon addition of TNEFYA at a 1:4 ratio (red):DBSelected fragments 8H—°N HSQC spectra showing
different kinetics of chemical shift changes as a function of increasing peptide concentrations: black, free protein; blue, 1:1 ratio; cyan, 1:4
ratio; red, 1:10 ratio. Panels B and C represent titration with TNEFYA, and panel D represents titration with TNEYKV.

Table 2: Dissociation Constant&; for the Interactions with bonds and hydrophobic contacts in a fashion reminiscent of

PDZ1, Kp; for the Interactions with PDZ2) for the Hexapeptides the complex of isolated PDZ2 and the syndecan-derived
Obtained by NMR Titration hexapeptide previously reported by Us); In all cases the
peptide Ko1 [MM] NMR Koz [mMM] NMR m.ain chain of the peptide forms a set of hydrogen ponds
TNEFYA 76116 0164 0.01 with the backbone of thg2 ;tranq of PD22: The C-termlnal'
TNEFYFE 1.00+ 0.07 0.79+ 0.03 carboxyl groups of all peptides interact with the main chain
TNEYYV 0.74+0.05 0.10+ 0.01 amides of Val209, Gly210, and Phe211 within the carboxy-
TNEYKV >10 1.1540.09 late-binding loop, a fingerprint motif of PDZ domains. The

main chain amide of fs involved in a hydrogen bond with

Interactions of Peptides with the PDZ2 Domasiructures  the carbonyl oxygen of Phe21l. Additional backbene
of all complexes revealed the presence of the respectivebackbone hydrogen bonds are formed between residpe P
peptides in the binding pockets of both PDZ2 domains within and Phe213 of PDZ2. The side chains of the residues,in P
the noncrystallographic dimer. All these peptides are inserted P-1, and P positions interact with a number of amino acids
into the binding site in an extended conformation and form lining the corresponding¢SS-1, and S binding pockets.
af strand which is antiparallel to th#2 strand of PDZ2, as  The S pocket of PDZ2 is poorly defined and mostly solvent
predicted by the canonical model. In all cases the five accessible. Consequently, the side chain of Glu gtfree
C-terminal residues are highly ordered and the correspondingto form the critical crystal contact with Arg128 from the
electron density is clearly resolved (Figure-3B). Due to symmetry related molecule, thus making it possible to obtain
the lower quality of diffraction data for the complex of this series of crystalline complexes. The residues upstream
syntenin with the syndecan-derived heptadecameric peptide 0f P-s are solvent exposed and not involved in the interac-
we did not use these coordinates in subsequent analysis, andions with PDZ2.
instead we used the previously published structure of PDZ2 The crystallographic data are fully consistent with the
with the syndecan-derived hexapeptide TNEFYA (1OBY in chemical shift changes observed in NMR titration experi-
the PDB). ments. The most significant changes are traced to those

In general terms, the stabilization of all PDZ@eptide amides which are involved in direct hydrogen bonds with
interactions is achieved through the networks of hydrogen peptides. These include amides forming the carboxylate
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Ficure 3: A 2mF, — DF, electron density maps contoured at fbr the peptides interacting with syntenin: (A) TNEFYF and PDZ1; (B)
TNEFYF and PDZ2; (C) TNEYYV and PDZ2; (D) TNEYKV and PDZ2. The orientation of the PDZ1 domain is different from that of
PDZ2 for better presentation of the peptide electron density.

binding loop, i.e., Gly210 and Phe211 (the amide of Val209 the residue P; and those upstream of it do not contact with
is not visible in'H—N HSQC spectrum of syntenin tandem) the PDZ2 domain. This finding justifies the use of the
and the amide of Phe213, which is involved in a hydrogen designed hexapeptides as good models for ephrin and
bond with the P, residue. Additional regions with strong neurexin C-termini.
chemical shift changes correlate very well with the location  Induced Fit in PDZ2The structures reported here along
of the binding pockets accommodating the aromatic rings with the previously reported structure of the PDZ2 domain
(Figure 1). of syntenin with syndecan peptiddd) and that of the

As indicated above, the interactions of all peptides with unliganded syntenin tandem (PDB code 1N99) offer a unique
the PDZ2 domain are similar in magnitude, despite differ- opportunity to investigate an induced fit mechanism in the
ences in the amino acid sequences of the peptides. ThePDZ2 domain. A least-squares superposition of all models
analysis of the X-ray structures of the corresponding on the core secondary structure elements (excludinguhe
complexes helps to rationalize this phenomenon. The re-helix and thefj, strand which form the binding groove)
placement of Ala at Pin syndecan peptide by Phe (the reveals that the binding of peptides is associated with
synthetic sequence TNEFYF) did not significantly improve conformational changes involving a reorientation of the
the binding, contrary to our expectations. Although the extent helix, the residues of which line the, &nd S, pockets
of hydrophobic contacts within the $ocket is clearly higher  (Figure 4). In contrast, thg, strand appears unaffected.
for Phe, the binding pocket must undergo structural rear- The most significant structural reorganization affects both
rangements which, we believe, are energetically unfavorablethe backbone and side chains of residues Asp251 through
(see below). A similar situation is observed upon incorpora- to Gly262 which belong to the; helix and to the loop that
tion of Val at the B position with simultaneous replacement follows (Figure 4). The binding of peptides shifts thghelix
at P, of Phe by Tyr (TNEYYV peptide). The hydroxyl apart from theS, strand, and the magnitude of this shift
group of Tyr at R, is solvent exposed and does not interact depends on the peptide’s sequence, and specifically on the
with the protein. In contrast, the replacement of Tyr af P size of the g side chain. The smallest shift is observed for
position by Lys (TNEYKV) decreases the binding several- syndecan, which has the least bulky side chain, i.e. Ala, at
fold, most likely due to a decrease in hydrophobic contacts the R position of this peptide. In this case, thghelix moves
and lack of favorable interactions with the side chain amine by approximately 0.5 A in the region of the ocket. In
group. In all peptides, including syndecan derived peptide, the complexes involving neurexin and the ephrin B derived
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Ficure 5: Structural details of the interaction of the TNEFYF
peptide with syntenin PDZ1. The peptide is shown with green
carbon atoms, red oxygens, and blue nitrogens. Side chains of PDZ1
residues involved in the interaction with the peptide are shown in

Ficure 4: Conformational changes in the PDZ2 binding site of m}%%en&%tgnt%lentiii?;%%?gé%rlgryﬂ%grgggﬁ nbdosngrizrvs;vgzaag ashed

syntenin and reorientation of the, helix upon peptide binding. h :
Backbones of5, strands andx, helices are shown in gray. The His175 and the backbone amide of Leu129.

side chains of residues in the unliganded syntenin PDZ tandem are . .
in blue (PDB code 1N99); those in the PDZENEFYA complex structural data for any complex with a target peptide and/or
are in red (PDB code 10BY); those of the PDZ tandem with protein. Somewhat surprisingly, our NMR data shows that

TNEYKV in cyan; those with TNEYYV in green and those with  in solution all studied peptides interact with the PDZ1 domain
gyN E;Zrean;?gevvg: Reorientation of tha helices is represented (g e 1). The X-ray structure of the complex of the PDZ
tandem with the TNEFYF peptide reveals clearly resolved
electron density corresponding to four C-terminal residues
peptides, both of which contain Val at thg position, the of the peptide in the binding groove of PDZ1 (Figure 3A).
shift of the o, helix is abow 1 A and in addition the helix =~ The conformation of this peptide represents a unique,
rotates around its axis (i.e. rolls) by abodt Binally, in the noncanonical binding mode. Unlike the canonical interaction,
complex with the TNEFYF peptide, the helix rolls by 6 the bound peptide’s backbone in PDZ1 is nearly perpen-
and is shifted by as much as 1.5 A. Looking at individual dicular to that expected for the canonical binding mode
residues, the biggest shift occurs for Leu258, lining the S (Figure 5). Only the Pand P residues of the TNEFYF
pocket, whose movement is required to accommodate morepeptide fit into the corresponding &nd S ; pockets, while
bulky residues at thegfposition. In the complexes with the  the remaining part of the peptide is mostly solvent exposed.
neurexin and the ephrin peptides, this residue moves byThe anchoring C-terminus binds in a typical fashion in the
approximately 1 A, while in the complex with the TNEFYF  carboxylate-binding loop consisting of the amides of 1le125,
peptide it is displaced by about 1.5 A. In addition a large Gly126, and Leul27 (Figure 5). In addition, the carboxyl
shift of up b 2 A is observed for residues from Ser259 to group is involved in an indirect interaction with the carbonyl
Gly262 (Figure 4). This change also contributes to the group of Glyl23 through an ordered water molecule.
enlargement of the (Spocket and appears to play an Hydrogen bonds are also formed between the main chain
important role in the conformational adaptation of e amide group of the Presidue and the carbonyl group of
helix. In the complex of PDZ2 with the syndecan peptide Leul27, and between the carbonyl oxygen of therBsidue
the corresponding loop has an orientation very similar to that and the side chain amine of Lys124. The Phe side chain at
observed for the free protein. the R position fits well into the §binding pocket formed
By comparison, the fragment of the helix involved in by His175, Leul78, and Lys179. Moreover, the Phe side
the formation of the S, pocket (residues 251254) is less chain is involved in a favorableg—cation interaction with
perturbed. The extent of these changes is similar in all Lys124.
complexes (0.60.8 A), when compared to the unliganded The tyrosine at the R position of the peptide fits between
structure. The remaining residues of the 8inding pocket the side chains of GIn142 and Leu140, which form the S
are not visibly affected. The TNEFYF peptide complex is pocket. Upstream of the_P? residue, the TNEFYF peptide
an exception in that we see a substantial conformationalis solvent exposed. There is only one hydrogen bond formed
change of the Phe213 side chain at thg Socket. by the carbonyl group of the_Rresidue and the side chain
Evidence of Noncanonical Mode of Interaction in the of Arg128. The Phe side chain atfdoes not interact with
PDZ1 Domain.Interactions mediated by syntenin’s PDZ1 the PDZ1, but it is engaged in the crystal contacts with
domain are less well understood, and to date there are ndle212, Val222, and the peptide of the symmetry related
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molecule. The glutamate at Pis totally exposed to water, DISCUSSION
and its carboxyl group is directed toward Lys179 and Lys124
forming two hydrogen bonds with their side chain amine
groups through an ordered water molecule. Thedhd Ps
residues have no interpretable electron density.

The noncanonical interaction involving the PDZ1 domain
can be rationalized when one considers the differences
between the atomic models of the two PDZ domains. While
PDZ2 has a broad peptide binding groove expoginstrand
which is able to form the antiparall@ structure with the
bound peptide, in the case of PDZ1 the translation ofithe

Although PDZ domains are among the most intensely
studied protein modules, the mechanism by which these
proteins exert their biological function is still unclear. The
canonical model postulates that PDZ domains bind to
C-termini of membrane receptors and channels, so that the
terminal carboxylates are anchored within a distinct glycine-
rich loop, while residues in positiong Rnd P, serve as
specificity determinant. This oversimplified view does not
explain the diversity and specificity of PDZ-mediated

helix toward 3, strand by abou3 A abrogates such interactions, and the model was accordingly expanded to

stereochemistry (see Figure S1, Suppporting Information). include, among ot'hers, intera_ctions with in.ternal'sequences
In addition, the side chain of His175 in PDZ1 (Alain PDz2) (27 28), and binding modes involving residues in the, P

is involved in a hydrogen bond with backbone amide of POSition @9-31) as well as residues upstream of the terminal
Leu129 from thes, strand, effectively blocking part of the ~ triPeptide €9, 30, 32-34). Unfortunately, no generic mech-

binding pocket and preventing canonical binding (Figure 2S, anis_m appears to apply uniygrsally to all PDZ domajns,
Supporting Information). particularly given the possibility of complex cooperative

In order to confirm that the noncanonical binding mode €ff€Cts between different PDZ domains along the same

of TNEFYF peptide is not an artifact due to crystal packing, PClYPeptide chain, as well as degenerate specificities.
we carried out a careful analysis of chemical shift perturba-  Previous data suggested that syntenin, with its two PDZ
tions in solution. As expected, the strongest chemical shift domains, shows cooperativity when binding to syndecans,
changes for the PDZ1 domain are observed for amides ofneurexins, and ephrin B. Our NMR fitration experiments
lle125, Gly126, and Leu127, which form hydrogen bonds USing peptides corresponding to the C-termini of these three
with the C-terminal carboxyl group of the peptide (Figure Proteins show that gll b.|nd to both PDZ domqms W|th|n an
2S). However, there are no significant perturbations within intact tandem, albeit with moderatg, values in the high
the 8, strand downstream of Arg128 that would be consistent #M to mM range. Syndecan-derived peptides were previously
with formation of the antiparalleB sheet with the peptide ~ reported to bind more tightly7}, and to investigate the source
(see Figure S2). Positions of the&hd S binding pockets of th!s d|s_crepancy we conducted a series of |sthermaI
are clearly reflected in chemical shift changes. Binding of calorimetric measurements of all four peptides to the isolated
the aromatic side chain of Phe ig jposition causes chemical PDZ2 domain (data not shown). The binding constants
shift perturbations for the, helix residues: His175, Lys176, ~obtained for syndecan, neurexin, and ephrin B hexapeptides
Val177, Lys179, and GIn180, while the Tyr in fite affects ~ Using ITC and NMR titration experiments are within
chemical shifts of Arg1284,), Leu140 and Vall41/), expenment_al error. While it is not clear why the previously
and GIn142 and Alal43 (loop connectifig and8,). The  reported binding data7f and those reported here are at
residues upstream of P(except for P, backbone carbonyl) ~ Variance, our key conclusions that all four peptides bind to
do not contact the PDZ1 domain and do not cause additionalPoth PDZ domains, and that the affinities toward PDZ1 are
chemical shift changes. In summary, the observed pattern€ither comparable or 10-fold lower, are not in dispute.
of chemical shift perturbations is fully consistent with the  In our previously published study we showed how the
noncanonical binding of TNEFYF seen in the crystal PDZ2 domain can accommodate different sequences of
structure of PDZ1. bound peptides, utilizing its three pockets,(S-1, and S.,)

A very similar pattern of chemical shift changes in solution in @ combinatorial fashior7}. This study extends our model
is also observed upon binding of other peptides to the PDz1 by showing that the PDZ2 domain also utilizes induced fit
domain. Although we were unable to obtain a crystal to adapt to different peptide ligands. Although these data
structure of the complex of syndecan peptide bound to PDZ1,are unique with respect to the number of different peptides
we performed detailed comparison of chemical shift changescocrystallized with a single PDZ domain, there is indication
upon binding of TNEFYA and TNEFYF (see Figure S2A,B). from other studies that an induced fit mechanism might be
The strongest changes are observed for amides directlya more general feature of the C-terminal target recognition
hydrogen bonded to the C-terminal carboxylate of both by PDZ domains. For example, a reorientation of the
peptides (Figure S2). Because of the presence of Ala residudelix, similar to the one described in this paper, was also
in the R position of syndecan peptide, chemical shift changes observed for PDZ6 of GRIP13p). It is also likely that the
observed in the ockets are modest. Stronger perturbations plasticity of the PDZ domains may have been generally
are observed in the -$ site due to the presence of the exploited in the course of evolution to build in regulatory
aromatic Tyr side chain. Qualitatively, the overall pattern mechanisms. For instance, binding of internal sequences of
of chemical shift changes is very similar for both peptides, Palsl to the single PDZ domain of Par-6 deforms the latter’s
although a smaller magnitude of perturbations seen for binding pocket, bypassing the requirement for a free terminal
TNEFYA results from weaker interaction. We also obtained carboxylate 27). Since Par-6 also binds to C-terminal ligands
very similar results from comparison of TNEFYF and in a manner regulated by the GTPase Cdc42, the system
TNEYYV peptides (data not shown). Based on this analysis allows for complex and competitive regulation that may be
we conclude that both syndecan and neurexin derivedimportant to cell polarity 7).
peptides bind to PDZ1 in a noncanonical manner that is Just as degenerate specificity rationalizes a level of
comparable to that for the complex with TNEFYF. promiscuity of PDZ domains with respect to their targets,
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the C-terminal tail of X1 inserts into the first PDZ domain

in an orientation that is approximately perpendicular to the
canonical binding pocket. Similarly to PDZ1 of syntenin,
only two C-terminal amino acids of the Xdadltail, P, and

P_,, are directly involved in PDZ1 binding. Another non-
canoncal, PDZpeptide interaction withoufl-sheet aug-
mentation has also been reported for the PDZ1 domain of
NHERF 37). In the X-ray structure, the carboxy-terminal
sequence of PDZ1 occupies the peptide binding pocket of a
neighboring PDZ1 molecule related by crystallographic
symmetry. In this example, theoRand P, residues are
involved in the interactions with the PDZ domain, while;P
and residues upstream of Pare exposed to the solvent.
Thus, there is now mounting evidence supporting the
biological relevance of the noncanonical peptide binding to
selected PDZ domains.

Taken together with previous data, our results make it
possible to propose a model of a supramolecular complex
between the syndecan cytoplasmic domain and syntenin’s
PDZ tandem. The crystal structure of the syntenin’'s PDZ
tandem shows compact supramodular architecture of the two
PDZ domains ). Furthermore, our recent NMR data show
that the tandem of PDZ1 and PDZ2 exists as a monomer in
solution and tumbles as a single doma&B)( A rigid relative
orientation of the two PDZ domains in syntenin imposes
constraints on the relative orientation of the two interacting
peptides. This can be exemplified by the structure of syntenin

' with the TNEFYF peptide. Based on the chemical shift
PDZ1 PDZ2 perturbations, we have shown that this binding mode is
FIGURE 6: A model of the syndecarsyntenin complex obtained ~ consistent with the structure in solution. Detailed analysis
by docking of the NMR structure of syndecan dimer (PDB code of NMR data reveals that syndecan peptide also binds to
lejp) onto the syntenin PDZ tandem structure from the complex ppz1 in a very similar, noncanonical mode.

with the TNEFYF peptide. (A) Surface representation of the Owi ¢ ical f fi f th tid
syntenin tandem molecule (gray) and docked syndecan dimer (green. ©WING 10 a noncanonical conformation ot the peptiae

and blue). (B) View from the top showing major difference between ligand bound to the PDZ1 domain, the two peptides bind in
canonical interaction in PDZ2 and noncanonical binding to PDZ1. a nearly collinear, antiparallel fashion (Figure 6). As a

An o helix andj; strand forming the canonical binding site are  consequence, the N-termini of the peptides are close to each
colored in magenta and cyan, respectively. The position of the side gihar  Sych mutual disposition of the two peptides corre-
chain of His175 is shown in magenta. . . .

sponds well to that inferred from the dimeric structure of

the cytoplasmic domain of syndecan-4, syntenin’s physi-
cooperativity requires that two comparatively different PDZ ological ligand 88). NMR studies show that the 28 amino
domains within one protein bind identical sequences. The acid long cytoplasmic domain of syndecan-4 forms an
crystal structure of the PDZ1 domain of syntenin within the intertwined dimer with a symmetric clamp shape in its central
tandem shows that with its narrow binding groove it is unable region and flexible N- and C-terminBg). Such a dimeric
to accommodate ligands in a normal, extended conformation.structure fits perfectly into syntenin’s two binding pockets,
The separation between the helix and the3, strand, which with one C-terminus interacting in a canonical fashion with
flank the binding pocket, is about-B A shorter in PDZ1 PDZ2 and a second interacting with PDZ1 in a binding mode
than in the PDZ2 domain (Figure 6B). In addition, the which we see in the complex with the TNEFYF peptide
binding site is largely blocked by the side chain of His175 (Figure 6). It is noteworthy that canonical binding to PDZ1
in a conformation stabilized by a hydrogen bond between would prevent such interaction.
the unprotonated &2 of His175 and the backbone amide of Multiple PDZ domains are a common feature in many
Leul29 (Figure 5). This is not an artifact of the crystal proteins, and at least some of them display distinct supra-
structure, because a chemical shift of this amide is signifi- modular architectures36—41). For example, the structure
cantly perturbed downfieldo(= 11.7 ppm) indicating that  of the PSD-95 PDZ domain tandem reveals a restricted
a strong hydrogen bond is present in solution both for free arrangement of PDZ domains leading to a fixed mutual
syntenin and in complexes with peptides. In the absence ofdisposition of the bound peptidedl). In the case of the
a canonical binding site, peptides bind to the PDZ1 domain Shank protein, a similar biological effect is observed as a
in a different manner, exemplified by the TNEFYF peptide. result of dimerization of two PDZ modules from two
Although we observe this binding in one crystal structure different molecules, facilitating binding to dimeric ligands
only, NMR data confirm that in solution other sequences (40). The model of dimeric ligand binding to syntenin, which
follow the same pattern. A similar binding mode has recently we propose here, represents a novel supramolecular archi-
been reported for the autoinhibited conformation of thecX11 tecture. Most importantly, it justifies cooperative binding
PDZ tandem 36). The NMR-derived structure revealed that observed for syntenin( 14). Furthermore, our results are




3682 Biochemistry, Vol. 45, No. 11, 2006

Grembecka et al.

in good agreement with previously published data demon- Energy, Office of Science, Office of Basic Energy Sciences,
strating that single PDZ domains of syntenin do not provide under Contract No. W-31-109-Eng-38.

strong binding of syndeca8,(14, 15, 42). Instead, the two

PDZ domains participate cooperatively with PDZ2 being the SUPPORTING INFORMATION AVAILABLE

dominant module. From the thermodynamic point, coopera-

Figure S1, presenting the structural differences between

tive binding of the syndecan dimer to syntenin should result he PDZ1 and PDZ2 domains of syntenin and their interac-

in improved binding affinity relative to monomeric ligands,
such as a peptide, because the resukgrtan reach a value
equivalent to a product of the individual dissociation
constants.

Biological function of the cell surface proteins is frequently

tions with peptides, and Figure S2, showing a detailed
comparison of chemical shift changes upon titration of
syntenin PDZ domains with peptides. This material is
available free of charge via the Internet at http:/pubs.acs.org.

related to their oligomerization state. Clustering of the ephrin REFERENCES

molecules, which is also a syntenin target, has been found
to be relevant to ceftcell recognition and targeting48).

The C-terminal region of the cytoplasmic domain of ephrin
B adopts a well-packefi-hairpin structure with a flexible
tail containing a PDZ recognition motif. Interestingly, the
N-terminal fragment of this domain is prone to aggregation
and has been proposed to participate in ephrin multimeriza-
tion (44). Our studies of the interaction between the ephrin
B derived peptide and syntenin show weak affinity toward
PDZ2 and just marginal for PDZ1. This is in good agreement
with a previous report indicating that the intact cytoplasmic
fragment of ephrin B does not detectably associate with
PDZ1 and exhibits weak interaction with PDZI%|. Strong
interactions with ephrin B require both PDZ domairisgl,(
44). We believe that the oligomeric form of the cytoplasmic
fragment of ephrin B will interact with both PDZ1 and PDZ2
domains of syntenin in a manner similar to that which we
suggest for syndecan.

Of the peptides investigated in the present study, the
neurexin derived hexapeptide is the most potent ligand
toward both PDZ1 and PDZ2 domains. This is consistent
with other data that show that PDZ1 has a higher intrinsic
affinity toward neurexins than toward syndecans and ephrin
B (14). The modular architecture of neurexins is similar to
that of syndecans and ephrins B, including the presence of
a short cytoplasmic fragment containing a C-terminal motif
recognized by the PDZ domaind5). Although we are not
aware of any data indicating neurexin dimerization, it was
shown that syntenin binds neurexins using synergistically
both PDZ domainsi4, 15). Therefore, it is highly possible
that our model may also extend to neurexins.

The common feature emerging from our experiments is
that syntenin binds ligands with weaker affinities than
typically observed +10 uM for other PDZ domainsZ2).
Although very weak proteinprotein interactions are far
more difficult to characterize, they may play an important
role in many biological processe46). The relatively weak
interactions of syntenin with monomeric peptides suggests
that syntenin has evolved to bind preferably to specific
oligomeric structures rather than to promote protein as-
sembly.
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