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ABSTRACT: PDZ (acronym of the synapse-associated protein PSD-95/SAP90, the septate junction protein
Discs-large, and the tight junction protein ZO-1) domains are abundant small globular protein interaction
domains that mainly recognize the carboxyl termini of their target proteins. Detailed knowledge on PDZ
domain binding specificity is a prerequisite for understanding the interaction networks they establish. We
determined the binding preference of the five PDZ domains in the protein tyrosine phosphatase PTP-BL
by screening a random C-terminal peptidghage display library. Interestingly, the potential of PDZ2 to
interact with class lll-type ligands was found to be modulated by the presence of PDZ1. Structural studies
revealed a direct and specific interaction of PDZ1 with a surface on PDZ2 that is opposite the peptide
binding groove. Long-range allosteric effects that cause structural changes in the PDZ2 peptide binding
groove thus explain the altered PDZ2 binding preference. Our results experimentally corroborate that the
molecular embedding of PDZ domains is an important determinant of their ligand binding specificity.

In cellular signaling networks, dynamic proteiprotein Many PDZ domain-containing proteins harbor multiple
interactions form the backbone of information flow, and the PDZ domains that are often arranged in closely linked
large number of specialized protein domains that mediate groups. This renders the proteins capable of binding to
these contacts highlights their importance in signal trans- several different transmembrane or intracellular partners at
duction (). The PDZ domain (acronym of the synapse- the same time, thus organizing multimeric complexes. For
associated protein PSD-95/SAP90, the septate junctionexample, the large intracellular phosphotyrosine-specific
protein Discs-large, and the tight junction protein ZO-1) is phosphatase PTP-BL contains five PDZ domains, the second
one of the most common protein interaction modules in and third as well as the fourth and fifth of which are tandemly
metazoan genomes. It participates in a wide variety of linked (7, 8). Evidence is accumulating that intramolecular
signaling pathways and contributes to the protein sorting andsynergistic or allosteric effects may regulate PDZ domain

transport machinery2( 3). PDZ domains adopt a compact
globular fold comprising sixs-strands, which form two
antiparallels-sheets stacked on top of each other, and two
a-helices. They typically recognize short carboxyl-terminal
peptide sequences in target proteingbsheet augmentation
in a binding groove located between heti?2 and strand
B2. Itis well documented that in particular the ultimaté)(P
and antepenultimate (P amino acids in these canonical
C-terminal targets are of crucial importance in determining
PDZ domain affinity, and this has led to the definition of
several different PDZ binding classes©).
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binding potential 9—11), and for some PDZ domain tandems
it has been shown that their target-binding preference differs
from that of the PDZ domains separately2{-14). Also for
PTP-BL synergistic effects on PDZ target peptide binding
have been noted §, 16), and structural studies on the second
PTP-BL PDZ domain (PDZ2) added proof for allosteric
effects upon target peptide bindinG7-19). Here, we report

on the binding preferences of PTP-BL PDZ domains
individually and in clusters. Our data reveal an allosteric
regulation of the PTP-BL PDZ2 binding preference, through
direct contact of PDZ1 with a PDZ2 surface area opposite
the binding pocket. These findings disclose a novel PDZ
PDZ interaction that regulates PDZ binding specificity
through an allosteric mechanism.

MATERIALS AND METHODS

Expression Plasmid&acterial expression plasmids pGEX-
PDZ1, pGEX-PDZ2, pGEX-PDZ3, pGEX-PDZ4, pGEX-
PDZ5, pGEX-PDZ#2, pGEX-PDZH2AL, pGEX-PDZ4+5,
and pGEX-PDZ2-5 were constructed by subcloning of PCR-
generated PTP-BL cDNA fragments (spanning residue
numbers 10781171, 1353-1449, 1489-1601, 1756-1855,
1853-1946, 1064-1501, 1086-1189 fused to 13521451,
1661-2021, and 12851978, respectively; numbers accord-
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ing to accession no. Q64512) in-frame into appropriate pGEX was regenerated with two 60 s pulses of glycine, pH 2.0.
vectors. Primer and construction details are available from Experiments were performed at 2&. Association and

the authors upon request.
GST Fusion Protein Production and Purificatio®ST
fusion proteins, expressed Hscherichia coliDH5a fol-

dissociation kinetics were fitted using a two independent site
model as implemented in the Prism 4.0 program (GraphPad
Software, Inc.). Binding curves consisted of a fast and a slow

lowing transformation with pGEX-based constructs, were process, the latter of which appeared concentration-indepen-

affinity-purified on glutathione-Sepharose 4B beads (Am-
ersham Biosciences, England) as descril2&)l For surface

dent and may reflect GST dimerization or other modulating
effects. Dissociation constants were derived from a concen-

plasmon resonance (SPR) purposes, GST fusion proteindration-dependent series.
were eluted from the beads using 10 mM reduced glutathione  NMR Measurements\MR samples containeec1 mM

in 50 mM Tris—HCI, pH 8.0, and subsequently dialyzed
against HBS (10 mM Hepes, pH 7.4, 150 mM NaCl, 3 mM
EDTA, 0.005% surfactant P20; BR-1000-54, Biacore AB,
Switzerland). For structural studies, GST-PDZ1 fusion
protein was expressed 8. coli BL21 Codon Plus (DE3)

uniformly labeled™N/**C PDZ2 protein in a buffer consisting
of 50 mM KH,POJ/K,HPO, and 50 mM KCI, pH 6.8, KO/
D,0 (95%/5%), and a trace amount of Naf21). Unlabeled
peptide corresponding to the RIL (VAVYPNAKVELYV)
C-terminus was titrated into the PDZ2 domain-containing

RIL cells (Stratagene, California). The bacterial pellet was sample until the'SN HSQC spectra of PDZ2 showed little
resuspended in PBS in the presence of 1 mM PMSF andfurther changes, with final peptide concentrations of 2.4 mM.
Complete protease inhibitor (Roche, Mannheim, Germany) All NMR experiments were recorded at 26. The sequential
and sonified. Lysed bacteria were then centrifuged twice at gssignments were completed using 3D HNCA and CCH-

10 000 rpm at £C for 30 min to remove cell debris. The
supernatant was bound to glutathierfgepharose 4B beads
and washed with 0.1 M NaCl in 20 mM TridHClI, pH 8.0.
Elution from the column was performed with 15 mM reduced
glutathione in 50 mM TrisHCI, pH 7.7. To remove the

TOCSY experiments recorded on either a Varian Inova 500
or a Varian Inova 600 spectrometer. All spectra were
processed using the NMRPipe program suig®) (and
assigned using XEASY2Q). The RIL assignments have been
deposited in the BioMagResBank under accession number

GST tag, 35 units of thrombin/mL was added for about 18 6091. Freeze-dried, unlabeled PDZ1 was added to a 0.5 mM
h at 25°C. The mixture was passed over a Sephadex G75 solution of uniformly?*N-labeled PDZ2 in phosphate buffer,
size exclusion column at room temperature, and appropriateas described above. Relative concentrations of PDZ1 and
fractions were collected, pooled, and dialyzed against excessppz2 were checked by 1BN-edited/filtered experiments.

water overnight at 4C. Resulting PDZ1 protein was freeze-
dried and stored at80 °C until further use. Production and
purification of 1>N-labeled His-tagged PDZ2 protein B
coli BL21(DE3) cells has been described previousty)(
Phage Display Library Screening?hage display experi-
ments were performed as described befabe Ih brief, a
carboxyl-terminal nine amino acid random peptide library
(with a complexity of 10independent clones) displayed as
capsid protein D fusions on bacteriophag@) was screened
by affinity selection over glutathioreSepharose 4B beads
coated with GSFPDZ fusion protein. Following extensive

15N HSQC spectra of PDZ2 were recorded at PDZ1:PDZ2
ratios of 0:1, 0.6:1, 1:1, 1.2:1, and 1.6:1.

Model Building of the PDZ2RIL Peptide The lowest
energy structure of the PDZAPC complex (PDB code
1VJ6; 17) was used as the starting point for building the
model using the program Yasara Dynamics (http://www-
.yasara.org). First, the APC peptide was mutated to the
corresponding residues of the RIL peptide. Immediate steric
clashes of the side chains were removed by rotation or small
displacement of the peptide. Next, with the protein confor-
mation fixed, a short simulated annealing run in water using

washes, adsorbed phages were propagated on BB4 bacterig,, AMBER99 force field optimized the peptide conforma-

by plate lysate, eluted, concentrated, and subjected to anothe,
panning cycle. After three successive panning cycles
individual phage clones were plaque-purified, and PCR-

amplified inserts were sequenced.
Surface Plasmon Resonanck. Biacore 2000 system

(Biacore AB, Uppsala, Sweden) was used for SPR analysis.

The N-terminally biotinylated peptides APC and RIL
(KRHSGSYLVTSVCOOH and VAVYPNAKVELYV coon, re-

fion. In two successive simulated annealing runs in water,

' increasing conformational freedom was introduced by first

allowing also the protein residues lining the binding pocket
to adjust, followed by a complete freedom for all residues
of the complex. In each of these two steps, the variability of
the conformation was examined by manual adjustment of
side chain rotamers and/or small adjustments of the atomic
positions of peptide residues. The overall side chain orienta-

spectively; Ansynth Service B.V., Roosendaal, The Neth- iy and H-bond formation were typically reproduced from
erlands) were loaded onto streptavidin (SA)-coated sensorihage different situations.

chips at a flow rate of %L/min using the manufacturer’s

instructions. Purified GST fusion proteins, or GST alone as ResyULTS

a control, were dialyzed against running buffer (10 mM
Hepes, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005%

Identification of PTP-BL PDZ Interacting Peptide§o

surfactant P20) and diluted to the concentrations indicated.allow a comparison of the carboxyl terminal target specificity

Perfusion was at a flow rate of 2%0 uL/min, first over a
control flow cell coated with biotin (Fcl) and then over

of PTP-BL PDZ domains individually or in clusters, we first
screened a random C-terminal nonapepfigehage display

capture flow cells coated with the biotinylated peptides library using GST-tagged individual PTP-BL PDZ domains
(Fc2—4). After 6—8 min of association, the sample solution bound to glutathioneSepharose 4B beads as an affinity
was replaced by running buffer alone, allowing the complex matrix. Peptides exposed on phages that were obtained after
to dissociate. Binding was measured as the differencethree successive selection cycles were aligned with respect
between the Fcl and FeZc4 curves. The binding surface to their carboxyl terminus, which led to consensus binding
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A
2020

1000 H E E i a

Class I Class I Class I
2 RRAFCGS WV 5 NSPDGGSQV 5 LVGSDVTTFL
3 TVQFCGS WV 8 KSIEVSSTFL
4 EWVRQST WV 21 GCQGYLSEV Class II
5,6 ARDgQTCT WV 188 WS AVEQSTFL 4 SYGPEVISYV
7,8 VSSCTGT WV consensus: Sx[V/L]
consensus: [S/T]WV Class III
Class II 1,3, AAAKEFEAV
Unclassified 12 PANDWLLSF 6,7-10
1 QVMRGYGWYV 20CRELGMALYV
consensus: ¢¢x$ Unclassified
2 LEWDIZKYDV
Class III
1 MCSCNWETIV
9 RSPMLQETV
consensus: ExV
Unclassified
11 VVDSAEGLYV
13 SWVGGEHTIV
B
PDZ1 target proteins: PDZ2 target proteins: PDZ4 target proteins:
BP75 -PDAS U p75 -TSPV I EphrinB -YYKV II
IxBao ankyrin repeat U hFAS -QSLV I RIL -VELV IIT
TRIP6 -TTDC I PARG1 -PQFV U
APC -VTSV I CRIP2 LIM domain U
RIL -VELV III

Ficure 1: C-terminal peptides selected by PTP-BL PDZ domains. (A) On top, a schematic representation of the relevant segment of
PTP-BL (positions 10062020; accession no. Q64512) is shown, comprising its five PDZ domains. Below, the C-terminal sequence encoded
by each phage clone selected by the indicated PDZ domain is shown. PDZ5 of PTP-BL did not yield specifically selected phage clones.
Results for PTP-BL PDZ3 have been published elsewBe Clone numbers are depicted in bold on the left, and peptides are classified
according to Vaccaro et al6). Conserved residues (defined as appearing in more than 50% of the peptides) are depicted in bold and are
represented in the consensus that is shown in bold and italic. The single-letter code for amino acidsdsrepeesents residues with
hydrophobic side chains, and x represents any amino acid. (B) The currently reported interacting proteins for the individual PTP-BL PDZ
domains are listed. Their four C-terminal amino acid residues are shown, and peptide classif§)ationdjcated on the right. The PDZ

target sequences irBa and CRIP2 are noncanonical, being the ankyrin repeats and LIM domains, respe@#/ed$)(

motifs for the different PTP-BL PDZ domains (Figure 1). to results obtained for PDZ2 alone (Figure 1). SPR experi-
In this assay, PDZ1 displayed an exclusive preference for ments confirmed these results: PDZA readily bound to
class | peptides (ending with -(S/T where x denotes any  the class | peptide (Figure 2B), while an interaction with a
amino acid andd hydrophobic residues4)) that carry a class Il peptide was hardly detectable (Figure 2C). This
tryptophan residue at the Pposition. PTP-BL PDZ2 and  modulation of PDZ2 domain preference is specific for
PDZ4 bhoth selected phages expressing C-terminal peptidePDZ1+2 because a segment spanning PTP-BL PDZ domains
that belong to class I, Il (ending in®&W)x®d, where W 4 and 5 (PDZ45) did not reveal an altered binding
denotes aromatic residued), or lll (-G(D/E)xV (4)). This preference for PDZ4 in phage display and SPR experiments.
finding corresponds well with the diversity in C-terminal tails Phage display screening using the PBA4fusion construct
of reported interacting proteins3,( 24). PDZ5 did not yielded phages expressing peptide classes Il and Il (Figure
selectively bind peptide-displaying phages, and results 2A), much like for PDZ4 alone. Likewise, the PDZ5
obtained for PDZ3 have been described previoughy.( combination was still capable of binding to the class Il RIL
PDZ1 Alters PDZ2 Binding Specificitylo investigate peptide in SPR experiments (Figure 2C).
whether PTP-BL PDZ domain binding preferences depend PDZ1 Binds Directly to PDZ2The observed difference
on intramolecular interactions, we tested several combina-in binding specificity of PDZ%2 in comparison to PDZ2
tions of PDZ domains in phage display experiments. Intrigu- alone suggests either a direct interaction between the two
ingly, a protein segment spanning the first two PDZ domains PDZ domains or an effect caused by t@00 amino acid
of PTP-BL (PDZ1-2) failed to select phage clones express- long spacer region separating these domains. We therefore
ing class Il peptides, while class | peptide-displaying phages produced a GST-PD2#2 variant lacking the spacer se-
were readily obtained (Figure 2A), which is in sharp contrast quence and tested its binding characteristics by SPR (data
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1000 H E a g a 2020
Class I Class II
1 RESGY V 8SLV 1 QVKGAVWFYV
4 SDAQY S SDV 3 GSSSGPLLV
5,6 HLEAR T SDV 5 DYSPMVLGYV
7 TQFYE A S8VV 7 RTAECVLYV
9 RWARW E SYV consensus: L$V
10 GGAEV V SDTI
11 AYVMEG/VTDV Class III
consensus: S[D/¢]V 9 VTQVDWETF
10 WFDGYHETF
Unclassified consensus: EFV
2,3 ESVSA E CWI
Unclassified
2 GSECVRCFV
6 MGNVPEYTFV
2500 APC- tide 2500 - RIL-peptide
g 2000 g 2000 -
o PDZ1+2 @
§ 1500 - 9 1500
% 1000+ i e PDZ2 #1000
500 - 500
PDZ4+5
800 1000 1200 " 200 ' 400 = 600 = 800 1000 = 1200
-500 - Time (s) S Time (s)

Ficure 2: Peptide binding specificity of two PTP-BL PDZ domain combinations. (A) On top, a schematic representation of the relevant
segment of PTP-BL, comprising the PDZ domain combinations PEZ4nd PDZ4-5, is depicted. Below, the C-terminal sequence encoded

by each phage clone selected by the respective combination is shown. Clone numbers are depicted in bold on the left. Peptides were
classified according to Vaccaro et a)(Conserved residues (defined as appearing in more than 50% of the peptides) are depicted in bold
and are represented in the consensus that is shown in bold and italic. The single-letter code for amino acid® irepsesents residues

with hydrophobic side chains, and x represents any amino acid. (B, C) Different combinations of PTP-BL PDZ domains were screened for
interaction using SPR. N-terminally biotinylated APC (B) and RIL (C) C-terminal peptides were loaded onto streptavidin-coated sensor
chips and tested for interaction with the GSFDZ fusion proteins indicated on the right. The response (resonance units, RU) to each
fusion protein is depicted (on theaxis) against time (sx axis).

not shown). The PDZ&2AL fusion, like GST-PDZ#-2, was for Gly-26 and Arg-86, two residues present at the top of
found to readily bind APC but hardly RIL peptides, eliminat- the canonical binding groove that play a crucial role in PDZ
ing the spacer and pointing to PDZ1 as the modulator of target binding, indicating that long-range allosteric effects
PDZ2 binding preference. Several examples of PPDZ caused by PDZ1 binding to the opposite side of the PDZ2
interactions have previously been report2é-<29). Hence, domain may well alter the binding preference of PDZ2.
we tested the possibility of a direct interaction by titrating Importantly, there were no shifts observed for tfd—'H
unlabeled PDZ1 into a sample containiiy-labeled PDZ2 PDZ2 resonances when the second PDZ domain of the
for which the'>N HSQC spectrum has been assign2).( neuronal adaptor X1d (30) was added to &C/**N-labeled
This allowed the direct mapping of the PDZPDZ2 sample (data not shown), underscoring the specificity of the
interaction interface on the PDZ2 structure. Upon addition PTP-BL PDZ1-PDZ2 interaction.

of PDZ1, major shifts were observed for signals of PDZ2  Structural Analysis of PTP-BL PDZ2 in Complex with a
residues present inl andS1 and the C-terminal tip gf6, Class lll Peptide.The observed PTP-BL PDZ2 binding
jointly forming a surface opposite the C-terminal peptide promiscuity toward C-terminal targets (Figure8);and the
binding groove (Figure 3A). Changes were also observed abrogation of class Ill peptide binding in response to PDZ1
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Ficure 3: (A) van der Waals surface representation of the structure of the PDZ2 domain. Color coded according to the effects observed
in the 1N HSQC spectra upon titration of the PDZ1 domain: gray, no data; blue, no effects observed; purple, small changes; red, large
changes; yellow, large effects indicative of slow chemical exchange. The second orientation is obtained by rotati®® aong the

vertical axis. Relevant amino acid residues are indicated. (B) Model of the PRE2complex. PDZ2 is shown in van der Waals surface
representation and as sticks, color-coded as a ramp from blue to yellow, reflecting no to large chemical shift changes observed between the
complex and native states. The RIL peptide is displayed in CPK representation. The most affected PDZ2 residues are indicated. (C) Peptide
binding regions of the PDZ2RIL model (color coded as in (B)) and PDZ2PC complex structure (green). van der Waals surfaces of

PDZ2 lle-48 and RIL P! Leu are shown; selected H-bonds are displayed as yellow dotted lines. All figures were made using YASARA
(http://www.yasara.org), and residue numbering was according t®lref

association urged us to investigate the structural determinants18 at the tip of the stran@3 were among the most extreme,
allowing this discriminatory effect. We therefore determined indicating that this residue was in a more extended confor-
the 'H, 13C, and N chemical shifts of the PDZ2RIL mation. Moreover, large chemical shift changes of its-C
peptide complex by high-resolution triple-resonance NMR H?® resonances indicate proximity of these atoms to the
and compared these to the values of the native PDZ2. Topeptide. Such effects were not observed for lle-48 in the case
establish the correlation between observed chemical shiftof the PDZ2-APC complex.

differences in PDZ2 and structural effects resulting from  We next used the lowest energy conformer of the PDZ
peptide binding, we also examined the PDZPC complex APC structural ensembld ) as a starting point to generate
in comparison to the native PDZ2, for which both near a model (cf. Figure 3B,C) for the PDZRIL complex using
complete assignments and structural ensembles are availabl&asara (http://www.yasara.org). The peptide was easily
in both states X7, 21). The chemical shift differences accommodated within the PDZ2 binding pocket and ex-
observed for the PDZ2RIL complex clearly indicated that  plained remarkably well the key elements of the observed
the RIL peptide inserted into the canonical PDZ domain changes. The large effects at the base of the binding pocket
binding pocket located between heti? and strangb2 (cf. and C-terminal end of helix.2, as observed for both the
Figure 3B). Crucial chemical changes observed for thePDZ PDZ2—RIL and PDZ2-APC complexes, can be attributed
APC complex involving Gly-26 and Leu-85 at the base of to the interaction of the carboxyl-terminal’jRaline residue
the binding pocket and Val-82 and Arg-86 at the C-terminal present in both peptides. PDZ2 lle-48 is in van der Waals
end of helixa2 were also observed for the PDZRIL contact with the penultimate (B leucine residue of the RIL
complex. Additionally, a contiguous stretch of affected peptide. The side chain carboxyl group of?RGlu of the
residues lined the binding pocket of the PDZ2 domain. peptide hydrogen-bonded with His-78 located at the N-
Interestingly, C, H%, and & chemical shift changes for lle-  terminus of helixa2. Finally, P* Lys of the peptide
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interacted with Thr-35 in the long loop connecting strands A
2 andf3. Previous kinetic binding studies also showed Thr- .
35 to be important for PDZ2 target binding7. 3000 - APC-peptide; PDZ2

Quantitatie Analysis of PTP-BL PDZ. C-Terminal Target
Affinities. The interaction of the APC peptide with PDZ2 2500 1
resulted overall in larger chemical shift differences when

compared to that of RIL (data not shown), indicating a 2000

response (RU)

i

difference in affinity. We therefore determined the binding 16
constants for the peptidd’DZ complexes in SPR measure- 1500 1 67
ments using biotinylated APC and RIL C-terminal peptides 15
on streptavidin-coated sensor chips. As expeciés 31), 1000

PTP-BL PDZ2 bound to both peptides (class | and class Ill),

whereas PDZ4 only interacted with the RIL peptide (Figure 500 -

4). The use of different concentrations of GSFDZ fusion

protein allowed the determination of the apparent dissociation 0 i~ ra e

constantskp) for the APC and RIL peptides toward PDZ2,
27 and 45uM, respectively. This confirmed the suggested -500
higher binding affinity of PDZ2 for the APC peptide as
compared to RIL. PDZ4, however, displayed a higher affinity
for the RIL C-terminal tail Kp = 21 M) than that of PDZ2.

The apparent dissociation constants determined here are
within the typical range observed for other PDZ domain
interactions 31—34).

300 - RIL-peptide; PDz2

250 -

200 -

DISCUSSION

pSnse (RU)

N

Over the past decade, attempts to understand, classify, an 150 |
predict PDZ domain binding preferences were based on @
studies in which the target selection specificity was deter- ¥ 190
mined for individual PDZ domains in isolation. More recent
studies, however, raise the concern that these results may 5.
be compromised due to this deterministic approach. Indeed,
our current study demonstrates that the binding characteristics 0 ,
of one of the five PDZ domains in PTP-BL, PDZ2, is 200 400 600 800
allosterically modulated by PTP-BL PDZ1, underscoring the 50
notion that for a full appreciation of PDZ functioning long-
range interactions should be taken into account.

Our unbiased determination of PTP-BL PDZ domain . RIL-peptide; PDZ4
binding preferences, by screening a random C-terminal
peptide phage display library using individual GST-tagged
PDZ domains, revealed a binding consensus for domainsg 1500
PDZ2 and PDZ4 that nicely fitted with current knowledge =~
on potential PTP-BL binding partners (reviewed in 8f
In contrast, we noted a clear preference of PDZ1 for class |
peptides with a penultimate tryptophan residue, whereas
reported PDZ1 interactions rather reflect binding to protein-
internal ankyrin repeats3b) or to the carboxyl-terminal 500 -
portion of a bromodomain-containing protei®6. For the
latter interaction, the C-terminus appeared necessary but not
sufficient for strong PDZ1 binding3@), reminiscent of the 0
interaction between PTP-BL PDZ domains and the RIL
C-terminus 15). The screening with PTP-BL PDZ3 yielded
peptide targets containing cysteine residues-atand P4 500 Time (s)
and a valine at the ultimate? position 5) and that did not
resemble the _C_—termlnf’:ll ta". of its _sole reported target, PRK2 FIGURE 4. Biosensor analysis of PTP-BL PDZ domain interactions
(37). No specific peptide-displaying phages were selected yjith APC and RIL C-termini. The binding of GST fusions of PTP-
by PTP-BL PDZ5, in accordance with results from alternative BL PDZ2 (A, B) or PDZ4 (C), at different concentrations (indicated
strategies&). The only reported PDZ5 interaction thus far on the right,uM), to the APC C-terminal peptide (A) or the RIL
is with phosphatidylinositol 3,4-biphosphate, a phosphoi- C-terminus (B, C) immobilized on the surface of a sensor chip was

o . detected by changes in resonance units over time (s). The
nositide that also binds to PTP-BL PDZ2 and PDZB)( sensorgrams shown were obtained by subtracting the blank sen-

Perhaps PTP-BL PDZ5 is not involved in target peptide sorgram of a control nonpeptide flow cell from the sensorgrams of
binding but rather serves in modulating the structure of the the peptide-loaded cells.

000 1
! 120

— L
— &

response

)

60
15

200 400 600 800
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adjacent proximal PDZ domain as observed for the glutamateindependent and fully solvent-accessible peptide binding
receptor-interacting protein GRIP. PDZ4 in GRIP does not pockets 10). In contrast, GRIP PDZ domains 4 and 5 were
bind other proteins but instead stabilizes the closely linked rather tightly packed together, which stabilized the PDZ5
PDZ5 domain, thereby allowing it to bind C-terminal targets structure but caused a distorted peptide binding groove within
(9). For PTP-BL, however, we did not detect such an effect PDZ4 that may preclude binding of C-terminal peptid@s (
of PDZ5 on the binding characteristics of the neighboring We examined the target specificity of PTP-BL PDZ domain
PDZ4 domain (compare Figures 1 and 2). clusters and found, in line with proposed allosteric effects
PTP-BL PDZ domains 2 and 4 displayed the most based on structural analyses of PBZ@and complexes
promiscuity, having interactions with a rather diverse set of (17—19), that the PDZ2 binding specificity as observed in
peptides from various classes (Figure 1). The current isolation is modulated by PDZ1 as a result of a direct and
structural comparison of PDZ2 in complex with a class | specific, probably electrostatic, interaction of PDZ1 with the
(APC) or a class Il (RIL) C-terminal ligand revealed that o141 interface on PDZ2. Importantly, PDZ1 binding
these interactions both exploit the canonical binding groove. affected crucial residues in the PDZ2 peptide binding groove
Figure 3C shows the peptide binding region of both the on the opposite side of the domain, consistent with the rather
PDZ2-RIL model and the PDZ2ZAPC complex. The flexible, adaptive character of PDZ2 as displayed in kinetic
common orientation of the®?Val residue of both peptides  fo|ding studies 41) and the long-range effects observed in
is evident, in line with the highly similar patterns of chemical PDZ2—peptide complexes1{—19). Moreover, structural

shift differences observed for both complexes. However, the o pling between these two parts of PDZ domains has also
RIL P~* Leu residue is in direct van der Waals contact with paan inferred from theoretical calculation2),

lle-48, thereby displacing this residue relative to that of the
PDz2—-APC complex. In the latter, this residue is not
involved in peptide binding. Traditional classification schemes

of PDZ domain interactions primarily involve the charac- bogh _cla_ss | and cla’)ss lll involve ir_1teractions in thiecd
teristics of the terminal and antepenuitimate residuéaigd ~ ©  pinding pockets? We hypothesize that the PBEDZ2

P2 of the peptide ligand and regard the'Residue as association renders PDZ2 incapable of adjusting for the

How then would the PDZ1 binding alter the specificity
of the PDZ2 domain toward the class | group of targets, as

“functionally unimportant and poorly conserveds3d. required lle-48-P 1 interaction (Figure SC).. Structural
However, classification schemes based on peptide sequenc@diustments have also been noted for the binding process,
alone are incapable of explaining many observed P@Zget leading to the PDZ2APC complex, which first involves

interactions, including the promiscuous ones as observed foran association of the APC’Pesidue with the PDZ domain,
PDZ2. A more recent model, prompted by the observation followed by a structural rearrangement of the latter that locks
that PDZ2 syntenin bound different ligands through interac- the interaction into placel(). Interestingly, lle-47, which
tions involving either the Pand P! residues or the Pand just precedes lle-48 and is structurally connected to helix
P2 residues 40), postulates that ligands bind in a combi- ©1, is among the residues highly affected by the PBZ1
natorial fashion to multiple smaller “sites” in PDZ domains. PDZ2 interaction (Figure 3A). The loss of the'finteraction
The binding promiscuity of the PTP-BL PDZ2 domain is in would then be paramount for the loss of affinity of the RIL
full concordance with such a model and underscores a crucialtarget, whereas the APC target is not affected and could even
differentiating role for lle-48 through its interaction with the be boosted by a structural change of PDZ2 toward a high-
P! residue in class Il targets. In line with this, multiple affinity conformation. Such structural changes in the binding
sequence analyses show that PTP-BL PDZ2 lle-48 is pocket appear to be an important regulatory factor, as evident
conserved throughout the vertebrate kingdom and also thefrom the formation of the PDZ2APC complex 17) and
promiscuous PTP-BL PDZ4 contains an isoleucine residue the loss of affinity by the alternatively spliced PDZ23.
at the structurally equivalent position. Analysis of eight An allosteric transition has also been documented for Par-6
different PDZ domainr-peptide crystal structures revealed (44, 45), where a CRIB (Cdc42/Rac interactive binding)
that complexes involving P interactions generally display domain that precedes its single PDZ domain in fact forms
reduced interaction surfaces as compared to those that dan extension of the central PDZ domaiasheet. Cdc42
not involve the P! peptide residue (data not shown). The binding to the Par-6 CRIB domain subsequently boosts the
difference in affinity as observed in the SPR measurementsaffinity of the flanking PDZ domain for its C-terminal ligand
for the APC peptide relative to the RIL peptide (Figure 4) (44, 45). Interestingly, the Par-6 PDZ residues that are
is in line with such a difference in peptide interaction contacted by the CRIB domain are structurally similar to
surfaces. Furthermore, it provides an explanation for the those in PTP-BL PDZ2 that are affected by PDZ1. Such
requirement of the RIL LIM domain to elicit efficientinvivo  PDZ—PDZ interactions provide an excellent means to
binding (15). regulate ligand binding specificity and may well form the
In many proteins that harbor multiple PDZ domains, such basis of the conspicuous coappearance of PDZ domains in
as PTP-BL, a conspicuous clustered appearance of thesgignaling and scaffolding proteins.
domains is apparent. Three-dimensional structures for several
different PDZ tandems have been solved, revealing that the ACKNOWLEDGMENT
PDZ domain orientation in such tandems varies considerably
(9—11). For instance, the PSD-95 PDZ domain tandem We thank J. Aelen, J. Schepens, M. Fabbri, and G. De
displayed limited rotational freedom, and the respective Matienzo for excellent technical support, M. Ubbink and A.
peptide binding grooves appeared aligned, explaining their Blok for providing the!®N-labeled X1 PDZ2 recombinant
tendency to interact with dimeric ligand41). The two protein, and E. Lasonder and W. Roeffen for help in using
syntenin PDZ domains, on the other hand, displayed the BlAcore 2000 system.
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