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Abstract

PDZ (PSD-95/Discs-large/ZO1) domains are interaction modules that typically bind to specific C-terminal
sequences of partner proteins and assemble signaling complexes in multicellular organisms. We have
analyzed the existing database of PDZ domain structures in the context of a specificity tree based on binding
specificities defined by peptide-phage binding selections. We have identified 16 structures of PDZ domains in
complex with high-affinity ligands and have elucidated four additional structures to assemble a structural
database that covers most of the branches of the PDZ specificity tree. A detailed comparison of the structures
reveals features that are responsible for the diverse specificities across the PDZ domain family. Specificity
differences can be explained by differences in PDZ residues that are in contact with the peptide ligands, but
these contacts involve both side-chain and main-chain interactions. Most PDZ domains bind peptides in a
canonical conformation in which the ligand main chain adopts an extended β-strand conformation by
interacting in an antiparallel fashion with a PDZ β-strand. However, a subset of PDZ domains bind peptides
with a bent main-chain conformation and the specificities of these non-canonical domains could not be
explained based on canonical structures. Our analysis provides a structural portrait of the PDZ domain family,
which serves as a guide in understanding the structural basis for the diverse specificities across the family.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

PDZ (PSD-95/Discs-large/ZO1) domains are
among the most common interaction modules in the
human proteome, with approximately 270 embedded
in more than 150 proteins [1]. PDZ domains are
components of scaffolding proteins that bring together
proteins at appropriate cellular compartments and
thereby organize signaling complexes and localize
enzymes with their substrates [2]. PDZ domains
generally function by binding to C-terminal peptide
stretches, but some may interact with other PDZ
domains, phospholipids or intrinsically disordered
regions within proteins [3]. The PDZ family members
are thus adaptable recognition modules that have
evolved into central hubs of complex protein–protein
interaction networks. Consequently, significant efforts
have been undertaken to understand and predict their

binding preferences [4–7], as such knowledge would
allow for large-scale protein network analyses that
would illuminate our understanding of cell signaling.
However, 20 years after their discovery, we still do not
fully understand the rules governing binding specific-
ities within the PDZ family.
The PDZ domain structure is composed of a

β-sandwich capped by two α-helices, and C-terminal
peptides bind in a shallow groove formed by the
second α-helix (α2) and the second β-strand (β2).
The core PDZ binding motif consists of the four
C-terminal amino acids of the binding partner, and
these are numbered starting from the last position
(P0) and going backward to P−1, P−2 and P−3 [8].
PDZ domains have been divided into specificity
classes based on the preferred amino acid type at
P−2, with class I, class II and class III corresponding
to preference for ligands of the type X[T/S]XΦCOOH,
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XΦXΦCOOH or X[D/E]XΦCOOH (where “Φ” is a
hydrophobic and “X” is any amino acid), respectively
[9,10]. Two large-scale studies provided more
comprehensive views of specificity within the PDZ
family, which showed that PDZ domains can recog-
nize up to seven C-terminal ligand side chains [4,5].
Indeed, clustering of specificity profiles for 54 human
PDZ domains derived by peptide-phage display
shows that the classification based on P−2 alone is
overly simplistic [4], as comparison of specificities
across the entire binding site produces a specificity
tree with many distinct branches (Fig. 1). Notably,
similar peptide binding specificities do not necessarily
correlate with similarity within the PDZ binding site, as
it has been found that highly similar binding prefer-
ences can be achieved by binding sites that differ
greatly in sequence [11]. Consequently, predictions
based solely on primary sequence remain imprecise
[12] and a full understanding of the rules governing
PDZ domain specificities will require an in-depth

structural analysis of high-affinity PDZ–peptide
complexes.
As a follow-up to our previous large-scale specificity

profiling study of the PDZ family [4], we present a
systematic structural survey to elucidate key structural
features correlated with PDZ specificity. Although 376
PDZ structures are deposited in the Protein Data Bank
(PDB) (Table S1), the majority lack bound ligands and
are thus of limited value for understanding PDZ
specificity. Moreover, many of the PDZ–ligand com-
plex structures represent suboptimal interactions, and
this hampers efforts to derive a meaningful interpre-
tation of the molecular interactions guiding recognition
of optimal peptide sequences. Additionally, the current
structural database is biased toward class I domains
and thus offers limited insights into the binding modes
of other specificity classes and unusual family
members (Fig. 1).
To address these limitations, we solved four new

structures of high-affinity PDZ–peptide complexes
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Fig. 1. The specificity tree of PDZ domains. The position weight matrices (PWMs) were derived from C-terminal peptide
ligands isolated from phage-displayed libraries, as previously described [4], and were clustered on the basis of overall
similarity. The colored boxes indicate PDZ domains for which structures are available in complex with high-affinity ligands,
either from previous studies (blue) or from the current study (red). The PWM shown for SHANK1-1 was derived from
peptides binding to the close homolog SHANK3-1.
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representing PDZ specificities that are not repre-
sented in the structural database. Taking advantage
of the new structural information, we present a
detailed structural analysis of the specificity deter-
minants of PDZ–peptide interactions. We also
demonstrate the utility of our analysis by altering
the binding specificity of a model PDZ domain by
rational design. Our study demonstrates that PDZ
domain specificity depends on both direct and
indirect interactions, and it provides a comprehen-
sive framework for understanding structure–function
relationships within the PDZ family.

Results and Discussion

New structures expand structural coverage of
the PDZ family

At the time of this analysis, 28 ligand-bound PDZ
structures were deposited in the PDB (Table S2), of
which 16 represent 12 distinct PDZ domains in
complex with near-optimal ligands that closely
resemble specificity profiles defined by peptide-
phage display (Figs. 1 and 2). Eight of these structures
were solved by our group with ligands designed on the
basis of peptide-phage display experiments [8,13–16]
and the other eight were solved by other groups with
ligands designed on the basis of confirmed natural
interactions [17–22]. Twelve of the 16 structures
represent class I interactions. Only three structures
represent class II interactions and these all belong to
theHTRAPDZdomain subfamily, whosemembers are
structurally closer to bacterial PDZ domains and are
permuted relative to most metazoan PDZ domains. A
single structure of the dishevelled-2 PDZ domain
(DVL2-1) represents a non-canonical binding mode in
which the peptide adopts anunusual conformation [15].
Thus, the current structural database is heavily biased
in favor of class I PDZ domains and lacks coverage of
the other diverse branches of the specificity tree
(Fig. 1).
To expand our structural understanding of PDZ–

peptide interactions, we used the specificity tree to
identify branches not represented in the structural
database and complemented the available dataset by
solving the crystal structures of four PDZ–peptide
complexes representing distinct specificities (Figs. 1
and 2a–d). These complex structures included the
class II third PDZ domain of the scaffolding protein
INADL (inactivation no after potential D-like protein)
(INADL-3; Fig. 2A) and the class III third PDZ domain
of the tight junction protein ZO1 (ZO1-3; Fig. 2B). We
also solved structures of two PDZ–peptide complexes
that exemplify unusual features, namely, the second
PDZ domain of the Na+/H+ exchange regulatory
cofactor 3 (NHERF3-2), which prefers lysine residues
at P−1 and P−4 (Fig. 2C), and the PDZ domain of the

LIM domain protein 4 (PDLIM4-1), which prefers
proline at P−2 (Fig. 2D).

Each PDZ domain was crystallized with its
cognate peptide ligand by extending the C terminus
of the PDZ domain with a short flexible linker
followed by the peptide ligand sequence (Table 1
and Fig. S1) using an approach previously employed
for other PDZ–peptide complexes [15,19]. All bound
peptide extensions showed a well-defined electron
density, thus allowing a precise description of the
molecular details mediating specificity (Fig. S2).
INADL-3 (Fig. S1a) and ZO1-3 (Fig. S1b) crystallized
as homodimers with the peptides inter-locking the
two domains. NHERF3-2 crystallized in a trimeric
form (Fig. S1c). In the case of PDLIM4-1, the
asymmetric unit shows an elongated chain of three
domain dimers, which are connected by a disulfide
bond between the Cys44 side chains (Fig. S1d).
Similar to INADL-3 and ZO1-3, the peptide extension
of each adjacent PDLIM4-1 monomer is bound to its
neighboring molecule and forms a head-to-tail
polymer [22]. Overall, the structures share a typical
PDZ domain fold composed of a six-stranded
antiparallel β-sandwich and two α-helices. As
seen previously in other PDZ–peptide complexes
(Fig. 2), the ligand peptide binds in the shallow
groove between strand β2 and helix α2, and the
“carboxylate-binding” loop that precedes strand β2
coordinates the C-terminal carboxyl group. Side
chains located on β2, β3 and α2 interact directly
with the ligand peptide, and importantly, the side-
chain interactions differ between PDZ–peptide
complexes, which accounts for differences in ligand
specificity. With the addition of the four new PDZ–
peptide complexes, we now have structural examples
of most branches of the PDZ specificity tree (Fig. 1),
which allows detailed investigation of the structural
basis for ligand discrimination by the PDZ family.

Structural determinants of site0 specificity

The major determinant for C-terminal peptide
recognition is the conserved carboxylate-binding
loop [17] whose main-chain amides hydrogen bond
to theC-terminal carboxyl group and anchor the ligand
in the binding site. The C-terminal residue is docked
into a hydrophobic cavity lined by the side chains of the
seventh residue in the loop between strandsβ1 andβ2
(β1:β2-7), the first residue in strand β2 (β2-1) and the
eighth residue in helix α2 (α2-8) (Fig. 3) (PDZ residues
are numbered according to a previously described
structure-based nomenclature [23]). Consequently,
PDZ domains prefer ligands that terminate in hydro-
phobic residues, but nonetheless,manyPDZdomains
show exquisite discrimination with regard to the
chemical nature of the C-terminal side chain, indicat-
ing that the site0 pockets are often fine-tuned for
recognition of particular hydrophobic side chains [4].
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A comparison of structures of PDZ domains bound
to peptides with Val, Leu, Ile or Phe at P0 reveals
that the orientations of residues at positions β2-1 and
β1:β2-7 change in order to accommodate the
different ligand side chains (Fig. 3). For example,
binding pockets for P0 side chains in ERBB2IP-1
(Fig. 3A) and INADL-3 (Fig. 3B) differ only at the β2-1
position that is occupied by a Phe in ERBB2IP-1 or
an Ile in INADL-3, but the structures show that the
orientation of the β2-1 side chains differs between
the two domains. These differences are sufficient to
alter specificity, as ERBB2IP-1 prefers Val0 while
INADL-3 prefers the larger Ile0. Due to size and
orientation differences at the β2-1 position, the site0

pocket of INADL-3 is deeper than that of ERBB2IP-1,
and consequently, it can accommodate bulkier side
chains. In PDLIM4-1 (Fig. 3C) and NHERF3-2
(Fig. 3D), which prefer Leu0 or Phe0, respectively,
the side chain at the β1:β2-7 position points away

from the site0 pocket. In NHERF3-2, this creates a
flat, hydrophobic site with specificity for Phe0. The
similarly shaped hydrophobic site of PDLIM4-1
prefers Leu0, which packs against the flat surface
formed by Phe(β2-1) and Ile(α2-8). Thus, as noted
previously, the specificity for the P0 side chain is
mediated by the size and shape of the hydrophobic
pocket [8,21]. However, we have shown recently that
the shape of the site0 pocket is determined not only
by the residues that line the pocket but also by
second-sphere residues that alter the pocket
through indirect interactions [23].

Structural determinants of site−1 specificity

At site−1, the most common preference is for
hydrophobic side chains, but some PDZ domains
prefer either negatively or positively charged side
chains. Phage-derived PDZ domain ligands are often

Fig. 2. Structures of PDZ domains in complex with high-affinity C-terminal peptides. (A) INADL-3 (PDB entry: 4Q2N),
(B) ZO1-3 (PDB entry: 4Q2Q), (C) NHERF3-2 (PDB entry: 4Q2P), (D) PDLIM4-1 (PDB entry: 4Q2O), (E) ERBB2IP-1 (PDB
entry: 1N7T), (F) DLG1-3 (PDB entry: 2OQS), (G) DLG4-3 (PDB entries: 1TP3 and 1BE9), (H) NHERF2-2 (PDB entry:
2HE4), (I) NHERF1-1 (PDB entries: 1I92, 1GQ5 and 1GQ4), (J) SNTA1-1 (PDB entry: 2PDZ), (K) SHANK1-1 (PDB entry:
1Q3P), (L) ZO1-1 (PDB entries: 2H2B and 2H2C), (M) HTRA1-1 (PDB entry: 2JOA), (N) HTRA2-1 (PDB entry: 2PZD),
(O) HTRA3-1 (PDB entry: 2P3W) and (P) DVL2-1 (PDB entry: 3CBX). In each panel, the PDZ domain is shown as a gray
ribbon and the peptide is shown as sticks colored according to atom type, as follows: carbon (green), nitrogen (blue) and
oxygen (red). Below each structure shown is the PWM derived by peptide-phage display and the sequence of the bound
peptide [4]. The PWMs shown for SHANK1-1 and NHERF1-1 were derived from peptides binding to the close homologs
SHANK3-1 or NHERF2-2, respectively. All structure figures were generated using PyMOL (http://www.pymol.org/).

Table 1. Data collection and refinement statistics

INADL-3 PDLIM4-1 NHERF3-2 ZO1-3

Data collection
Space group P21 P21 H3 P41212
Cell dimensions
a, b, c (Å) 59.0, 65.2, 82.5 33.7, 64.6, 126 153, 153, 34.6 50.6, 50.6, 78.7
α, β, γ (°) 90, 101, 90 90, 93.1, 90 90, 90, 120 90, 90, 90
Resolution (Å)a 25–2.00 50–2.10 20–2.05 50–1.45

(2.07–2.00) (2.18–2.10) (2.12–2.05) (1.50–1.45)
Rsym 0.090 (0.596) 0.040 (0.384) 0.043 (0.296) 0.032 (0.651)
I/σI 17.7 (2.6) 26.1 (3.6) 37.1 (4.4) 58.2 (3.4)
Completeness (%) 98.4 (96.8) 99.3 (99.8) 94.9 (73.6) 99.1 (98.5)
Redundancy 5.1 (5.0) 4.0 (3.6) 5.3 (4.6) 10.1 (9.5)

Refinement
Resolution (Å) 20–2.00 20–2.10 20–2.05 20–1.45
No. of reflections 38,818 29,444 17,128 17,647
Rwork/Rfree 0.201/0.253 0.246/0.291 0.188/0.252 0.160/0.210
No. of atoms
Protein 4442 3910 2045 721
Ligand/ion 24 0 12 0
Water 326 61 100 94
r.m.s.d.
Bond lengths (Å) 0.014 0.012 0.015 0.016
Bond angles (°) 1.4 1.4 1.5 1.6
Ramachandran (%)
Favored 98.6 99.0 99.6 98.9
Outliers 0.2 0.4 0 0
a Values for the highest-resolution shell are shown in parentheses.
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biased towardTrp residues at this position, while this is
less frequently observed among natural ligands [24].
Our analysis reveals that specificity at site−1 depends
on interactions with both main chains and side chains
in strands β2 and β3, and different PDZ domain
specificities arise from differing interactions with
these strands (Fig. 4). As shown by the structure of
ERBB2IP-1 (Fig. 4A), a strong preference for Trp at
P−1 in many PDZ domains is explained by the fact
that the bulky Trp side chain interactsmainly with the
main chain of the β2 strand and does not interact
specifically with PDZ side chains [16]. The prefer-
ence of INADL-3 for aspartate at P−1 is explained by
a salt bridge between the acidic ligand side chain
and Arg(β2-2) (Fig. 4B). For domains that prefer
basic residues, we observe two distinct structural
mechanisms. NHERF3-2 crystallized as a homo-
trimer, and the distances between the ε-NH2 group
of Lys−1 and Asp:β3-5 vary from 5.3 to 8.5 Å among
the three complexes in the trimer (Fig. 4C). While
these distances are too far for a direct salt bridge,
the Lys−1 and Asp:β3-5 side chains likely make
favorable electrostatic interactions. In contrast, the
recognition of Arg−1 by NHERF1-1 relies on a salt
bridge with a Glu side chain at the β3:α1-1 position
(Fig. 4D). The structure of NHERF1-1 has also been
solved in complex with ligands containing either Phe
(Fig. 4E) or Leu at P−1 (Fig. 4F), and in these cases,
there are no obvious favorable interactions between
the P−1 side chain and PDZ side chains. Instead, the
P−1 side chain appears to interact with the main
chain of strand β2 in amanner similar to that seen for
Trp−1 interacting with ERBB2IP-1 (Fig. 4A).

As exemplified by ERBB2IP-1, the preference of
many PDZ domains for ligands containing Trp at P−1

can be considered a “default” specificity that does
not depend on favorable interactions with PDZ side
chains but, rather, that arises from interactions with
the main chain of strand β2. Thus, we hypothesized
that, to achieve specificity for charged ligand side
chains at site−1, it is necessary, but not sufficient, to
introduce favorable counter charges within the PDZ
domain. In addition, it is likely necessary to disrupt
the favorable interactions between Trp−1 and the
PDZ main chain by placing bulky side chains within
strand β2. Thus, according to our “break-and-make”
hypothesis, achieving specificity for charged
side chains at site−1 requires both destabilization
(i.e., breaking) of the Trp−1 interaction by disruption
of the interactions with strand β2 and stabilization
(i.e., making) of favorable electrostatic interactions
between ligand and PDZ side chains. This suppo-
sition was supported by our previous finding that
replacement of Ser(β2-4) with Ile or Val altered the
specificity of ERBB2IP-1 at site−1 [4], and moreover,
the domains that prefer charged ligand side chains at
site−1 all contain bulky residues at the β2-4 position
(Fig. 4).
To test the break-and-make hypothesis, we

constructed ERBB2IP-1 variants rationally designed
to alter specificity at site−1 to resemble that of
NHERF1-1, and we determined specificity profiles by
using C-terminal peptide-phage libraries. We first
introduced an Asp or Glu in place of Gln at position
β3:α1-1 (Fig. 4G) and, as predicted, theseERBB2IP-1
variants retained the wild-type preference for Trp−1.
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Fig. 3. Structural determinants of site0 specificity. (A) ERBB2IP-1 (PDB entry: 1N7T), (B) INADL-3, (C) PDLIM4-1 and
(D) NHERF3-2. PDZ domains are gray and side chains that form the site0 pocket are labeled and shown as sticks. Peptide
ligands are colored and C-terminal side chains are shown as sticks.
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Introduction of Ile or Val in place of Ser at position β2-4
broadened the specificity of ERBB2IP-1 to accept both
Trp and Asp at site−1. The broadened specificity was
likely due to changes in the peptide main-chain
conformation that destabilized the interaction with
Trp−1 and allowed for favorable interactions between
an Asp−1 side chain and the nearby Arg(β3-5) side
chain (Fig. 4A). Consistent with our hypothesis, only
the double substitution of Glu at position β3:α1-1 and
Ile or Val at position β2-4 produced an ERBB2IP-1
variant with a marked preference for ligands contain-
ing Arg−1. The fact that the specificities of double
mutants containing Asp at position β3:1-1 resembled
that of the wild type likely reflects a requirement for
precise spatial positioning of side chains and suggests
a suboptimal distance between Asp(β3:α1-1) and
positively charged side chains at P−1. Taken together,
these results support our hypothesis that specificity for
P−1 relies on interplay between residues in the β2 and

β3 strands and involves both the establishment of
favorable domain-ligand, side-chain interactions and
the introduction of unfavorable interactions that disrupt
the interaction between Trp−1 and the PDZ main
chain.

Structural determinants of site−2 specificity

We define a canonical PDZ–ligand interaction as
one in which the ligand main chain adopts a β-strand
conformation by interacting in an antiparallel fashion
with strand β2. This places the P−2 side chain
proximal to the side chains at positions α2-1 and
α2-5, which serve to determine the ligand residue
types that are favored at this position. The residue at
position β2-2 also contributes to site−2 specificity by
helping to orient the peptide in the binding groove.
Class I PDZ domains such as ERBB2IP-1 (Fig. 5A),
which prefer ligands containing Thr/Ser−2, almost
invariably contain a His side chain at position α2-1,
which acts as a hydrogen bond acceptor for the
hydroxyl group of the ligand side chain (Fig. 6).
Moreover, most class I domains contain a Val side
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Fig. 4. Structural determinants of site−1 specificity.
(A) ERBB2IP-1 (PDB entry: 1N7T), (B) INADL-3,
(C) NHERF3-2, (D) NHERF1-1 (PDB entry: 1I92),
(E) NHERF1-1 (PDB entry: 1GQ5) and (F) NHERF1-1
(PDB entry: 1GQ4). (G) PWMs for ERBB2IP-1 variants
derived from C-terminal peptide ligands isolated from
phage-displayed libraries. PDZ domains are gray and side
chains that contribute to specificity at site−1 are labeled and
shown as sticks. Peptide ligands are colored and P−1 side
chains are shown as sticks.
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Fig. 5. Structural determinants of site−2 specificity.
(A) ERBB2IP-1 (PDB entry: 1N7T), (B) INADL-3, (C) ZO1-3,
(D) PDLIM4-1 and (E) DVL2-1 (PDB entry: 3CBX).
(F) Superposition of the structures from (A) to (E). PDZ
domains are gray and side chains that contribute to specificity
at site−2 are labeled and shown as sticks. Peptide ligands are
colored and P−2 side chains are shown as sticks. In the
DVL2-1 ligand, the Tyr−3 side chain is shown.
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chain at position α2-5, which makes favorable van
der Waals contacts with the aliphatic portion of a
Thr−2 side chain, thus explaining the preference of
most class I domains for Thr over Ser at P−2 (Figs. 1
and 2).
In class II domains, hydrophobic P−2 side chains

are accommodated in a shallow hydrophobic pocket,
but the α2-1 and α2-5 side chains that line this
pocket are not conserved across the class (Fig. 6).
The structure of INADL-3 in complex with the peptide
WFLDICOOH shows that binding of Leu−2 is guided
by hydrophobic interactions with Val(α2-5), which
shields site−2 from solvent (Fig. 5B). These hydro-
phobic interactions are rather non-specific, and thus,
INADL-3 exhibits broad specificity for ligands con-
taining hydrophobic P−2 side chains (Fig. 2). Indeed,
class II domains in general exhibit lower specificity
for P−2 than do class I domains [4].
ZO1-3 can be assigned to class III, as defined by a

preference for Asp−2 (Fig. 5C), but the specificity
profile exhibits significant promiscuity for P−2

(Fig. 2) [4]. Arg residues occupy the α2-1 and β2-2
positions of ZO1-3, suggesting the possibility of salt
bridges with the Asp−2 side chain. However, in the

structure of ZO1-3 in complex with the peptide
LWFSDWLCOOH (Fig. 2C), the side chain of Asp−2

points toward solvent and does not interact directly
with either of the Arg side chains (Fig. 5C). Instead, the
side chain of Arg(β2-2) forms a hydrogen bondwith the
main chain at P−2 and pulls the ligand toward strand
β2, resulting in a gap of 7.4 Å between the ligand main
chain and helix α2. Consequently, the Arg at position
α2-1 does not interact directly with the Asp−2 side
chain. Moreover, the peptide adopts a non-canonical
bent conformation, distinct from the extended β-sheet
conformation of canonical ligands (Fig. 5F). The bend
in the ligand main chain is supported by the side chain
of Trp−1, which binds in the hydrophobic pocket formed
by the aliphatic portion of the Arg(β2-2) side chain and
the Leu(β3:α1-1) side chain.
The peptide VESPWLCOOH bound to PDLIM4-1

also adapts a non-canonical bent conformation
(Fig. 5D). Despite containing a His at position α2-1,
typical of class I domains, PDLIM4-1 prefers ligands
that contain Pro or Asp at P−2 (Fig. 2). Thus, the
specificity of PDLIM4-1 more closely resembles that
of class III domains, and for ligands that contain an
Asp at P−2, it is likely that the binding mode is similar

ZO1-1

NHERF3-2

ERBB2IP-1
C

la
ss

 I
C

la
ss

 II

2-
1

2-
5

αα

Fig. 6. Sequence alignment of PDZ domain α2 helices.
Conserved residues are shaded gray.
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(D)

(B)

(F)

(H)

Ser( 3-4)

Phe( 3-5)
Val( 2-4)

Asn( 2-2)

Lys( 3-4) Ser( 3-5)

Val( 2-4) Arg( 2-2)

Thr( 3-4)

Asp( 3-5)

Lys( 2-4)

Ser( 2-2)

Ser( 3-4)
Asp( 3-5)

Ser( 2-4)

Ala( 2-2)

Gly( 3-4)
Ser( 3-5)

Val( 2-4) Ser( 2-2)

Ala( 3-4)
Gly( 3-5)

Ala( 2-4) Arg( 2-2)

Ser( 3-4) Arg( 3-5)

Val( 2-4)
Arg( 2-2)

Thr( 3-4) Arg( 3-5)

Ser( 2-4)

Ser( 2-2)

Fig. 7. Structural determinants of site−3 specificity.
(A) ERBB2IP-1 (PDB entry: 1N7T), (B) DLG4-3 (PDB entry:
1TP3), (C) INADL-3, (D) NHERF3-2, (E) ZO1-1 (PDB entry:
2H2B), (F) PDLIM4-1, (G) ZO1-3 and (h) DVL2-1 (PDB entry:
3CBX). PDZdomains are gray and side chains that contribute
to specificity at site−3 are labeled and shown as sticks.
Peptide ligands are colored and the side chains of residues
P−3 (A–E), P−3 and P−4 (F and G) or P−4 (H) are shown as
sticks.
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to that observed for ZO1-3 bound to the peptide
LWFSDWLCOOH (Fig. 5C). In the case of the ligand
containing Pro−2 (Fig. 5D), the structure shows that
the Arg(β2-2) side chain of PDLIM4-1 interacts with
the main chain of the P−3 residue and packs against
the side chain of Trp−1. The bend in the main chain
of the peptide ligand is supported by the polar
carboxamide group of Gln(α2-5), which appears to
repulse the hydrophobic ring of Pro−2.
A bent main-chain conformation was also observed

in the structure of DVL2-1 bound to the peptide
WKWYGWFCOOH [15] (Figs. 2P and 5E and F). Gly−2

adopts a positiveΦangle,whichwould be energetically
unfavorable for L-amino acid side chains. Consequent-
ly, the direction of the Tyr−3 side chain is flipped and, in
contrast with canonical PDZ–ligand interactions, site−2

is occupied by the Tyr−3–Gly−2 pair rather than by a
single P−2 residue. The unusual ligand conformation at
site−2 appears to be reinforced by a hydrogen bond
between the side chains of Tyr−3 and Asp(α2-2). Our
previous study showed that the DVL2-1 binding site is
unusually flexible and can accommodate both C-ter-
minal and internal ligands [15]. Three distinct structures
of DVL2-1 complexed with internal ligands revealed
two non-canonical binding modes and a binding mode
resembling a canonical class II interaction with a Val−2

side chain residing in a shallow pocket formed by α2-1
and α2-5 side chains that are identical with those found
in INADL (Fig. 5B and E).

Structural determinants of site−3 specificity

At site−3, the predominant specificity is for hydro-
phobic residues, butmany domains prefer Asp/Glu and
some prefer Thr/Ser (Fig. 1). Our structural database
contains examples for each of these specificities and,
moreover, provides insights into howsite−3 interactions
differ between canonical and non-canonical domain-
ligand complexes (Fig. 2).
Within canonical PDZ domains, site−3 is always

occupied by the P−3 ligand residue. Four of the five
domains in complex with peptides that contain
negatively charged side chains at P−3 use a similar
mechanism for ligand recognition (Fig. 2E, F, G, I
and J). As exemplified by ERBB2IP-1 (Fig. 7A),
Arg(β3-5) establishes a salt bridge with the Glu−3

side chain, which also forms a hydrogen bond with
Ser(β2-2). In contrast, DLG4-3 contains a Phe at
β3-5 and the Glu−3 side chain instead forms
hydrogen bonds with Ser(β3-4) and Asn(β2-2)
(Fig. 7B). For INADL-3 and NHERF3-2, a preference
for hydrophobic P−3 residues is explained by a
hydrophobic site−3, but the sites differ and prefer
either aromatic or aliphatic side chains, respectively
(Fig. 2A and B). In the case INADL-3, Phe−3 is bound
in a hydrophobic pocket composed of the aliphatic
portions of the side chains of Lys(β3-4), Arg(β2-2) and
Val(β2-4) (Fig. 7C). The phenol ring of Phe−3 forms a
cation–π interaction with the guanidinium group of

Arg(β2-2), which likely accounts for the preference for
aromatic ligand side chains. NHERF3-2 prefers
β-branched aliphatic side chains at P−3, which dock
in a shallow hydrophobic groove formed by the side
chains of the residues at positions β2-2, β2-4 and β3-4
(Fig. 7D). The aliphatic portion of Lys(β2-4) aligns with
the ethyl group of Ile−3 and the aliphatic portions of
Ser(β2-2) and Thr(β3-4) also contribute to the
formation of the hydrophobic pocket. The structures
of ZO1-1 explain the preference for a Thr−3 side chain,
which makes a hydrogen bond with the side chain of
Ser(β2-4) (Fig. 7E).
In the non-canonical PDZ domains, the bent

conformation of the ligand main chain causes site−3

to beoccupied by theP−4 ligand residue.Nonetheless,
in the case of thePDLIM4-1 structure, inwhichsite−3 is
occupied by a Glu−4 side chain (Fig. 7F), the
interactions are remarkably similar to those observed
between site−3 of ERBB2IP-1 and a Glu−3 side chain
(Fig. 7A). Glu−4 forms a salt bridge with Arg(β3-5),
while the side chain of Ser−3 resides outside of site−3

and forms a hydrogen bond with the main chain of
Leu(β2-3). Furthermore, Arg(β2-2) contributes to
binding by forming a hydrogen bond to the main
chain of P−3. In ZO1-3, Arg(β2-2) interacts with Ser−3

in the same fashion as in PDLIM4-1. However, ZO1-3
contains a Gly at position β3-5 and prefers aromatic
side chains at P−4 (Fig. 2B), and the structure shows
that Phe−4 docks between Ala(β2-4) and Ala(β3-4)
(Fig. 7G). Interestingly, the site−3 of DVL2-1 shares
some characteristics with that of ZO1-3 and binds the
aromatic side chain of Trp−4, which docks between
Ser(β2-2) and Val(β2-4) (Fig. 7H).

Conclusions

We have dissected the molecular determinants of
PDZ–peptide specificity by organizing existing struc-
tures and elucidating new structures to cover most
branches of the PDZ specificity tree. Our structural
database of near-optimal PDZ–peptide complexes
shows that specificity is largely governed by ligand
interactions with PDZ residues in helix α2 and strands
β2 and β3. However, the situation is complicated by the
fact that both main-chain and side-chain interactions
are important for binding specificity. Moreover, other
studies have shown that PDZ specificity can be
modulated by residues outside the binding cleft [1]
and by allosteric long-range interactions that alter
protein dynamics [3,23,25,26]. Our study further
advances the understanding of factors that mediate
protein interactions at the molecular level and shows
how functional specificity profiling and structural studies
can be combined to derive an in-depth understanding
of binding specificity.
We have provided a detailed description of how PDZ

domains discriminate among C-terminal peptide li-
gands. However, we believe that further research will
be required to elucidate the molecular paths PDZ
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domains may take to evolve divergent binding spec-
ificities [11,27]. Furthermore, some PDZ domains can
bind productively to internal regions of proteins
[3,29,30] but only a few structures are available for
such interactions and these binding mechanisms are
poorly understood [15,30]. Finally, the recent finding
that many PDZ domains may interact with membrane
phospholipids raises new questions about how these
interactions are structurally accommodated and what
impact the lipid ligand may have on peptide binding
[31–33]. Thus, many challenges remain before we can
claim to possess a full understanding of PDZ interac-
tions, and we foresee that a combination of specificity
profiling, structural analysis, protein engineering and
cell biologywill be required to address these questions.

Materials and Methods

Crystallization and structure solution

For each crystal structure, a recombinant fusion protein
was produced consisting of the PDZ domain, followed by a
three- to five-residue linker, followed by the peptide ligand.
Recombinant proteins were produced in Escherichia coli,
purified as previously described [8] and dialyzed into
20 mM Tris (pH 7.5), 200 mM NaCl and 0.5 mM TCEP
at concentrations listed in Table S3. Crystals were grown
by the vapor diffusion method at 19 °C, utilizing a 1:1
protein-to-well solution ratio, transferred to cryosolution
and flash frozen in liquid nitrogen. Data were collected at
100 K on an in-house Cu-Kα source (INADL-3 and
NHERF3-2) or at beamline 5.0.1 (PDLIM4-1 and ZO1-3)
of the Advanced Light Source (Berkeley, CA) and
processed with HKL2000 [34]. The dataset for PDLIM4-1
was severely anisotropic and an ellipsoidal truncation was
applied after scaling as previously described [35]. Struc-
tures were solved bymolecular replacement with PHASER
[36] (Table S3) [8,19,37,38]. Structures were built with
Coot [39] and refined with REFMAC5 [40]. All four
structures showed clear density for the peptides in the
electron density maps (Fig. S2) and are well refined with
good geometry as assessed by MolProbity [41]. Detailed
refinement statistics are listed in Table 1.

Selection of PDZ domain ligands

ERBB2IP-1 mutants were produced and purified as
glutathione S-transferase fusion proteins, as previously
described [4]. The purified proteins were used as
immobilized targets for rounds of binding selections with
a phage-displayed library of random C-terminal peptides,
as previously described [27,42]. After five rounds of
selection, approximately 50 binding clones were se-
quenced for each PDZ domain and binding profiles were
calculated as position weight matrices based on unique
peptides using the LOLA software package [4].

Accession numbers

Coordinates and structure factors for INADL-3,
PDLIM4-1, NHERF3-2 and ZO1-3 have been deposited

in the PDB with accession numbers 4Q2N, 4Q2O, 4Q2P
and 4Q2Q, respectively.
Supplementary data to this article can be found online at

http://dx.doi.org/10.1016/j.jmb.2014.08.012.
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