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a b s t r a c t

The PDZ domain of the shank protein interacts with numerous cell membrane receptors and cytosolic
proteins via the loosely defined binding motif X-(Ser/Thr)-X-U-COOH (U represents hydrophobic resi-
dues) at the carboxyl terminus of its target protein. This enables shank to serve as a membrane-associ-
ated scaffold for the assembly of signaling complexes. As the list of proteins that bind to the shank
PDZ domain grows, it is not immediately clear what structural element(s) mediate this domain’s target
specificity or the plasticity required to bind its different targets. Here, we have determined the crystal
structure of the shank1 PDZ in complex with the bPIX C-terminal pentapeptide (642–646, DETNL) at
2.3 Å resolution and modeled shank1 PDZ binding to selected pentapeptide ligands. The resulting struc-
tures revealed a large hydrophobic pocket within the PDZ domain that can accommodate a variety of
ligand residues at the P(0) position. A H-bond between His735 and Ser/Thr at the P(�2) position is invari-
ant throughout the model structures. In addition, we identified multiple PDZ domain residues that are
able to form H-bonds and salt bridges with an incoming target protein. Overall, our study provides a
new level of understanding of the specificity and structural plasticity of the shank PDZ domain.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Shank family proteins (shank1–3) are neuronal scaffold pro-
teins that are involved in the formation of synaptic protein com-
plexes. To carry out its functions, shank makes use of several
protein interaction domains, including ankyrin repeats, an SH3 do-
main, a PDZ domain, a proline rich region and a SAM domain [1–3].
The PDZ (Postsynaptic density95/Discs large/Zona occludens-1) is
a globular protein interaction domain of approximately 80–120
residues in length. Canonical PDZ domains contain six b-strands
(bA–bF), a short a-helix (aA) and a long a-helix (aB) [19–21]. A
groove created by aB and bB serves as the binding site for short
peptide ligands. Shank PDZ domains interact with a variety of
membrane proteins, including the calcium independent latrotoxin
receptor [4,5], GluRd2 [6], the CaV1.3 L-type voltage-gated calcium
channel [7], mGluR5 [8], the receptor tyrosine kinase Ret9 [9], the
ll rights reserved.
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cystic fibrosis transmembrane conductance regulator [10], Na+/H+

exchanger 3 [11], GluR1 [12], the somatostatin receptor type2
and the cytoplasmic proteins PLC-b3 [13], bPIX [14–16] and GKAP
[2].

Although the shank PDZ domain recognizes the C-terminus of
numerous target proteins, it is not yet clear how it achieves its tar-
get specificity or structural plasticity. Previous structural studies of
the apo shank PDZ (PDB ID: 1Q3O) and the shank PDZ in complex
with a GKAP C-terminal peptide (EAQTRL) (PDB ID: 1Q3P) showed
a typical class I PDZ–ligand interaction with additional recognition
sites at the P(�1), P(�3) and P(�5) positions of the ligand. The
structure also revealed a novel PDZ–PDZ dimerization mechanism
[17–26].

bPIX is a guanine nucleotide exchange factor for the small GTP-
ases Rac1 and Cdc42, and contains several protein modules (SH3,
Dlb homology, PH and leucine zipper domains) that can contribute
to protein–protein and protein–lipid interactions [27–29]. bPIX
plays an important role in the regulation of spine dynamics
through its high-affinity binding to the shank PDZ via its carboxyl
terminal motif (DETNL) [15,16].

In earlier studies, we showed that the shank PDZ asymmetri-
cally binds to a bPIX trimer with a 1:3 stoichiometry and confirmed
that the PDZ interaction sites on bPIX are concentrated at its
C-terminal five amino acids [16]. In the present study, we aimed
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to investigate the ligand binding specificity of the shank1 PDZ
through elucidation of its structure at high-resolution. To that
end, we solved the crystal structure of the PDZ domain in complex
with the C-terminal pentapeptide of bPIX (DETNL) at a 2.3 Å reso-
lution. We then modeled the binding of selected targets to this
high resolution structure in an effort to better understand the
binding plasticity of the PDZ domain. A comparison of our shank1
PDZ/bPIX complex and the shank1 PDZ/GKAP complex revealed the
presence of both conserved and variable binding mechanisms. Fur-
thermore, by combining structural and modeling analyses, we ob-
tained new insight into how the structural plasticity of the shank
PDZ enables recognition of multiple ligands.
2. Materials and methods

2.1. Protein expression and purification

The recombinant shank1 PDZ domain (residues 656–763) from
Rattus norvegicus with a cleavable glutathione S-transferase (GST)
tag was expressed in Escherichia coli BL21(DE3) and purified as pre-
viously described [30].

2.2. Crystallization and data collection for the shank1 PDZ:bPIX C-
terminal peptide complex

The pentapeptide DETNL, which has the same amino acid se-
quence as the bPIX C-terminus, was synthesized by Anygen Co.
(Korea). The Shank1 PDZ:bPIX complex was then prepared by mix-
ing 10 mg/ml of the protein with the peptide stock at a 1:3 M ratio.
Crystals of the shank1 PDZ:bPIX complex were grown by vapor dif-
fusion using 1 ll of �0.8 mM complex and an equal volume of res-
ervoir solution containing 100 mM sodium acetate (pH 5.5–6.0),
0.8 M lithium sulfate and 0.7 M ammonium sulfate at 21 �C. Suc-
cessful flash freezing was achieved using Paratone-N oil (Hampton
Research). A diffraction dataset with Bragg spacings of 2.3 Å was
collected at beam line NW-AR12 at the Photon Factory (Tsukuba,
Japan) using the X-ray beam at a single wavelength (1.000 Å).
The data set was indexed and processed using the program
HKL2000 (Table 1) [31]. Although the diffraction intensity of the
spots were very strong at a 2.3 Å resolution, rejections due to over-
Table 1
Data collection and refinement statistics.

Data set

X-ray source NW-AR12 beam line
Space group P41212
Wavelength (Å) 1.0000
Resolution (Å) 30–2.3 (2.38–2.3)
No. of measured reflections 45885
No. of unique reflections 10106
Rsym

a (%) 3.2 (5.1)
Average I/r 68.9 (36.4)
Data coverage total/final shell (%) 89.5/83.7
Redundancy 4.5
Refinement
Resolution (Å) 25–2.3 (2.54–2.31)
No. of residues 207 (dimer)
No. of water molecules 56
Rcryst

b total (%) 23.5 (22.5)
Rfree

c total (%) 26.7 (29.3)
R.M.S. bond length (Å) 0.008
R.M.S. bond angle (�) 1.135
Average B value (Å2) 26.0

a Rsym =
P

|<I> � I|/
P

<I>.
b Rcryst =

P
||Fo| � |Fc||/

P
|Fo|.

c Rfree calculated with 10% of all reflections excluded from refinement stages
using high resolution data. Values in parentheses refer to the highest resolution
shells.
lapping spots caused data completeness to be relatively low in the
highest resolution shell (83.7%).
2.3. Molecular replacement and structure refinement

The structure of the shank1 PDZ:bPIX complex was determined
through molecular replacement using the program MOLREP [32].
For the cross-rotation search, the structure of the apo shank1
PDZ dimer (PDB code: 1Q3O) was used as the search model, and
the highest peak of the rotation function (peak height: 9.8r) was
used for the translation function. This model gave a strong single
peak in the translation function. An interpretable electron density
map was calculated after rigid body refinement, simulated anneal-
ing; overall isotropic B-factor and individual restrained B-factor
refinement were performed using the program CNS [33]. Iterative
cycles of manual rebuilding using the program Coot [34] and sub-
sequent refinement using CNS yielded a model with a final crystal-
lographic R value of 23.5% (Rfree = 26.7%) (Table 1). The atomic
coordinates were deposited at the Protein Data Bank under acces-
sion code 3QJM.
2.4. Ligand modeling and energy minimization

Sequences of shank protein orthologs were obtained from the
Uniprot server (www.uniprot.org) and aligned using ClustalX
[35]. Selected pentapeptide ligands were modeled into the
shank1-PDZ:bPIX complex by manually mutating the residues of
bPIX in the program Coot [34]. The disordered residues (682–
686) in the structure were modeled using the structure prediction
tool in Prime 2.2 (Schrodinger, LLC, NY). The model structures were
further idealized with allowances for Ca and side chain movements
within 3 Å and 7.5 Å, respectively. The resulting coordinates were
then energy-minimized with NAMD 2.7 [36] using the default set-
tings of AutoIMD in VMD 1.8.7 [37].
3. Results and discussion

3.1. Overall structure of the shank1 PDZ–bPIX C-terminal peptide
complex

The crystal structure of the shank1 PDZ–bPIX C-terminal pep-
tide complex was solved by molecular replacement and refined
to a 2.3 Å resolution with Rcryst = 23.5% and Rfree = 26.7% (Fig. 1A).
The Ramachandran plot calculated with the program PROCHECK
[38] showed no residues with angular values in disallowed areas.
The crystal belongs to the P41212 space group with two shank1
PDZ–bPIX complexes per asymmetric unit. The final model in-
cluded 207 amino acids and 56 water molecules (Fig. 1B). The
structure was well-ordered with an average B-factor of 26.0 Å2,
except for the variable bA-bC loops in both chains (residues
682–686), which were disordered and thus not visible in the elec-
tron density map (Fig. 1C). Data collection and refinement statistics
are summarized in Table 1. The structure of the shank1 PDZ–bPIX
C-terminal peptide complex was also determined in orthorhombic
space group (Table S1).

We found that the overall structure of the shank1 PDZ–bPIX
complex is similar to the previously determined structure of the
shank1 PDZ complexed with a GKAP C-terminal peptide (EAQTRL)
[21]. The root mean square deviation (RMSD) between the two
structures for 103 Ca positions was 0.69 Å. The shank PDZ mono-
mer is composed of five b-strands (bA–bE) and two a-helices (aA
and aB), with the peptide-binding site situated in a pocket be-
tween aB and bB. The shank1 PDZ exhibited a dimeric structure
through its non-crystallographic two-fold symmetry (Fig. 1B),



Fig. 1. Crystal structure of the shank1 PDZ in complex with the bPIX C-terminal peptide. (A) Stereoview of a ribbon diagram of the shank1 PDZ domain complexed with a bPIX
C-terminal pentapeptide. The a-helices are labeled aA and aB; the b-strands are labeled bA through bE. Also shown is a 2Fo-Fc electron density map (contoured at 1r) in
which the bound bPIX C-terminal pentapeptide (DETNL) interacts with the shank1 PDZ domain. (B) Overall structure of the shank1 PDZ dimer. Each protomer is colored
orange or blue. The bound peptide is shown as a stick model. (C) Sequence comparison of shank PDZ domains (rShank: Rattus norvegicus shank, hShank: human shank) and
other PDZ domain proteins (PDB codes: NHERF PDZ1, 1I92; PSD95 PDZ3, 1BE9; Erbin PDZ, 1MFG/1MFL; InaD PDZ, 1IHJ; GRIP PDZ6, 1N7E/1N7F; nNOS PDZ, 1B8Q) [35].
Secondary structural elements and the carboxylate binding motif (with the leucine residue in the GLGF motif replaced by a phenylalanine) are indicated. The residues that
constitute the core ligand-binding site are indicated by filled circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. Structural comparison of the shank1 PDZ–bPIX C-terminal peptide complex
and the shank1 PDZ–GKAP C-terminal peptide complex. (A) Interaction mode of the
bPIX C-terminal pentapeptide (DETNL: salmon) with the shank1 PDZ domain
(green). (B) Interaction mode of the GKAP C-terminal pentapeptide (EAQTRL, slate
blue) with the shank1 PDZ domain (green). The figures were made using PyMOL
[40]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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consistent with notion that PDZ homodimerization leads to shank
self-association in solution [21].

3.2. Structural basis for the specificity of the shank PDZ–bPIX
interaction

The bPIX C-terminal pentapeptide ligand bound as an additional
strand to the anti-parallel b-sheet of the Shank1 PDZ, where it
made extensive contacts with aB and bB. In the following discus-
sion, the bPIX peptide C-terminal leucine residue will be referred
to as Leu (0), and the remaining peptide residues will be numbered
in descending order as Asn (�1), Thr (�2), Glu (�3) and Asp (�4). It
was considered that three positions, P(0), P(�1) and P(�2), were
the key determinants of target recognition by the PDZ. However,
there is now evidence that residues upstream of the C-terminal tri-
peptide of the target may also be involved in the recognition pro-
cess [19,22–24]. Both Leu (0) and Thr (�2) of the bPIX
pentapeptide interact with the shank1 PDZ, consistent with the
canonical class I mode of interaction that is exemplified by the
structure of the shank1 PDZ–GKAP C-terminal peptide complex
[21]. The carboxylate-binding loop, reflecting the two hydrogen
(H–) bonds interactions between the terminal carboxyl group of
Leu (0) and two main chain amide nitrogen atoms of Phe674 and
Gly675, is also conserved. In addition, the Leu (0) side chain is in-
serted into a hydrophobic pocket formed by Phe674, Phe676,
Leu678, Val739 and Ile742, and is partially covered by the aliphatic
part of Arg743. These modes of interaction are similar to those ob-
served previously in the crystal structure of the shank PDZ in com-
plex with the bPIX coiled-coil domain [16], except that the side
chain rotation of Asn (�1) suggests that the P(�1) position is not
critical for this interaction.
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Important differences between the shank1 PDZ bound to the
bPIX pentapeptide or to the GKAP terminal peptide are found at
Arg679 and Asp709 of the PDZ, which interact with P(�1),
P(�3) and P(�5) of the ligand peptide. Arg679 is in the bB strand
of the shank1 PDZ and makes a salt bridge with Glu (�3) of bPIX
or Glu (�5) of GKAP. In addition, Asp709 forms a salt bridge with
Arg (�1) of GKAP (for clarity, Asp709 is not shown in the same
orientation in Fig. 2A and B). Whereas considerable variability
was observed at the P(�1) position (Table 2), the residue at the
P(0) position is strictly conserved. Likewise, the Thr residue at
P(�2) is conserved and directly interacts with His735 in an aB
helix within both complexes through the formation of a H-bond
(Fig. 2).
Table 2
Known shank PDZ interacting proteins and their C-terminal sequences.

Protein name

Membrane
proteins

Human latrophilin/CIRL2/CL2
Rat latrophilin/CIRL1/CL1
CaV1.3 L-type calcium channel

mGluR5
Receptor tyrosine kinase Ret9

Somatostatin receptor type 2

Cystic fibrosis transmembrane conductance regulator (CFTR)
Na+/H+ exchanger 3 (NHE3)

GluR1
aGluRd2

Cytosolic proteins PLC-b3
b-PIX
GKAP

a The shank PDZ domain also binds directly to the internal sequence of the GluRd2 pr
b Structural modeling was done with the underlined sequence.
c Crystal structure has been determined with this sequence.

Fig. 3. Comparison of shank1 PDZ–interacting peptides and switch residues in a shank1
C-terminal pentapeptide (AFTRF) (A), the somatostatin receptor type 2 C-terminal penta
and the CaV1.3 L-type calcium channel C-terminal pentapeptide (CITTL) (D) with the
interactions are shown in stick models. The PDZ domains are drawn as ribbon diagrams.
peptides are written in red. (For interpretation of the references to colour in this figure
3.3. Modeling and detailed binding mode analysis of pentapeptide
ligands

The number of target proteins shown to bind to the shank PDZ
is growing rapidly (Table 2). These proteins have different C-termi-
nal sequences, suggesting that there may be means of target recog-
nition other than those discussed above. To further characterize
the binding pocket of the shank PDZ, we modeled select pentapep-
tides that have been reported to bind shank orthologs using the
structure determined in the present work (Table 2). Sequence
alignment of the orthologs showed that the peptide binding pock-
ets are absolutely conserved among the species tested (Supple-
mental Fig. 1). We therefore carried out the ligand modeling
C-terminal sequence Interacting partner Reference

QLVTSL Human shank1 PDZ [4]
QLVTSL Rat shank1/2/3 PDZ [5]
bMICITTL Rat shank1/3 PDZ [7]

QSSSSL Rat shank1 PDZ [8]
bHAFTRF Rat shank3 PDZ [9]
bDLQTSI Rat shank2 PDZ human shank1 PDZ [1]

VQDTRL Rat shank2 PDZ [10]
bPESTHM Rat shank2 PDZ [11]

LGATGL Mouse shank3 PDZ [12]
GluRd2 internal sequence
(893–921)

Rat shank1/2 PDZ [6]

EENTQL Rat shank2 PDZ [13]
cWDETNL Rat shank1/2/3 PDZ [14,15]
cEAQTRL Rat shank1 PDZ [2,21]

otein.

PDZ–peptide complex model. Interaction mode of the receptor tyrosine kinase Ret9
peptide (LQTSI) (B), the Na+/H+ exchanger 3 C-terminal pentapeptide (ESTHM) (C),
rat shank1 PDZ. The bound peptides and the key PDZ residues involved in the

H-bonds are represented as red dotted lines. The amino acid sequences of the bound
legend, the reader is referred to the web version of this article.)
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using the rat shank1 structure (this work) without editing any res-
idues. The model structures showed that all side chains at the P(0)
position point toward the hydrophobic pocket (Fig. 3). Surprisingly,
it was apparent from the models that the hydrophobic pocket has
ample space for a Phe or Met residue. We therefore modeled Trp in
place of Phe, and found that the pocket is big enough to accommo-
date the indole ring of Trp. Though there is no known ligand that
harbors a Trp at this position, this showed that the large hydropho-
bic pocket can easily accommodate side chains of various length
and shape. In all of the model structures, the aliphatic part of
Arg743 partially covered the hydrophobic pocket, and the guani-
dine group formed a salt bridge with the main chain carboxyl
group of the residue at P(�1) (Fig. 3 and Supplemental Fig. 2).

The models differ from our observations in that the residues at
the P(�1) position had little effect on PDZ binding. However,
Asp706 is located close enough to the ligand to make a salt bridge
when Arg is at P(�1), which is consistent with the crystal structure
of the shank1 PDZ–GKAP complex (Fig. 3A and Supplemental
Fig. 2A). The residue at the P(�2) position was always Ser or Thr,
ensuring a H-bond with His735, which was invariant among the
model structures. It has been suggested that the preference for a
Thr residue at P(�2) reflects the hydrophobic interaction between
the methyl group of Thr and Val739, the fifth residue (Val739 in
shank PDZ) in the aB helix [20]. The residues at P(�3) and P(4)
of the orthologs were mixed. Four residues (Glu, Gln, Asp or Asn)
at these positions can potentially make H-bonds with Arg672
and Glu703 at P(�3) and Arg736 at P(�4) (Fig. 3B and C and Sup-
plemental Fig. 2B and C). Ile or Phe at P(�3) appears to be margin-
ally favorable, as one side of these residues makes a hydrophobic
interaction with the aliphatic part of Arg672, while the other is ex-
posed to the solvent. On the other hand, small hydrophobic resi-
dues, such as Leu and Ala, appear to be favored at P(�4) due to
the presence of Arg and Lys, whose aliphatic side chains create a
hydrophobic environment (Figs. 3A, B, and D and Supplemental
Fig. 2A, B and D).

Overall, the structural plasticity of the shank PDZ arises from
the characteristics of its binding surface, which includes a large
hydrophobic pocket that can accommodate different sized side
chains at P(0), the availability of multiple H-bonding partners for
incoming peptides at P(�3) and P(�4), and a hydrophobic environ-
ment for small hydrophobic residues. The P(1) position has little
impact on binding, though Asp706 can create an H-bond with
the ligand when P(�1) is Arg. The invariant P(2) position is proba-
bly an anchor residue that registers the incoming peptide by mak-
ing an H-bond with His735. These observations explain how one
binding site in the shank PDZ can recognize multiple target pro-
teins. There is also precedent for the suggestion that a single PDZ
can bind multiple ligands through different modes of interaction.
For example, the PDZ2 domain of syntenin interacts exclusively
with the C-terminal peptide of the IL-5 receptor a-subunit
(ETLEDSVF) and syndecan (TNEFYA), but the binding mode for each
of these ligands is distinct (typical class I for the IL-5 receptor and
class II for syndecan) [26]. Another example is the Par-6 PDZ do-
main, which binds both the C-terminal peptide (VKESLV) and an
internal sequence of Pals1 (YPKHREMAVDCP) [39]. This implies
that reconfiguration of the binding pocket to accommodate differ-
ent ligands is not unique to the shank PDZ, but is a general feature
of PDZ domains.
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