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Tandem PDZ repeats in glutamate receptor–interacting
proteins have a novel mode of PDZ domain–mediated
target binding
Wei Feng, Yawei Shi, Ming Li & Mingjie Zhang
The interaction of the glutamate receptor subunits 2 and 3 (GluR2/3) with multi-PDZ domain glutamate receptor–interacting
protein (GRIP) is important for the synaptic trafficking and clustering of the receptors. Binding of GluR2/3 to GRIP requires both
the fourth and fifth PDZ domains (PDZ4 and PDZ5) to be covalently linked, although only one PDZ domain is directly involved in
binding to the receptor tail. To elucidate the molecular basis of this mode of PDZ domain–mediated target recognition, we solved
the solution structures of the PDZ45 tandem and the isolated PDZ4 of GRIP. The two PDZ domains form a compact structure
with a fixed interdomain orientation. The interdomain packing and the stable folding of both PDZ domains require a short stretch
of amino acids N-terminal to PDZ4 and a conserved linker connecting PDZ4 and PDZ5. PDZ4 contains a deformed B-B
groove that is unlikely to bind to carboxyl peptides. Instead, the domain stabilizes the structure of PDZ5.

PDZ domain is one of the most abundant protein-interaction modules in the genomes of eukaryotes1. PDZ domain–containing proteins
have central roles in organizing signal transduction complexes, clustering membrane receptors and maintaining cell polarities1–4. A
canonical PDZ domain contains ∼90 amino acids and folds into a
compact globular structure composed of a six-stranded β-barrel with
its open sides each capped with an α-helix5,6. An isolated canonical
PDZ domain can bind specifically to a short peptide at the extreme
C terminus of target proteins and/or an internal sequence with
restrained conformation5,7,8.
Many PDZ proteins contain multiple PDZ repeats, and PDZ
domains are often arranged in closely linked groups. For example, the
N-terminal PDZ repeat of PSD-95 is connected in tandem by a conserved, five-residue peptide linker9. The two PDZ domains of mammalian syntenins are separated by four completely conserved amino
acids10. The tandem PDZ domains in the neuronal scaffold proteins,
X11s (also known as Mints), are connected by four amino acids with
limited flexibilities11. Emerging evidence indicates that tandem PDZ
repeats of these proteins show distinct target-binding properties from
the individual PDZ domains or from a simple sum of the two PDZ
domains in the repeats9,12–16, although the molecular basis of such
supramodular properties remains largely unclear.
The PDZ domains of the GRIP and ABP (glutamate receptor–
interacting protein and AMPA receptor–binding protein) family proteins also show a conserved clustering of the first three (PDZ123), and
second three (PDZ456) PDZ domains17–19. This family of multi-PDZ
proteins can bind to a multitude of targets via their PDZ domains20.

The second PDZ cluster (PDZ456) is necessary and sufficient for
GluR2/3 binding17,18. Interaction of cytoplasmic C-terminal tails of
GluR2/3 with the GRIP family proteins is critically involved in synaptic targeting and stabilization of the AMPA receptors21–23. Effective
GluR2 and GluR3 subunit binding requires the extreme C-terminal
tails of the receptor subunits as well as the covalent linkage of the
tandem PDZ domains (PDZ45)17,18,22,24. Biochemical analysis of the
interaction between GluR2 and PDZ45 of GRIP1 showed that GluR2
C-terminal peptide binds to PDZ45 with a 1:1 stoichiometry24.
However, it has been difficult to conceptualize how a pair of PDZ
repeats binds only to one C-terminal peptide, as well as how the function of one PDZ domain depends on another.
Here we present the NMR structure of the PDZ45 tandem PDZ
repeats of GRIP1. The structure, in conjunction with mutagenesis
studies, reveals that the two PDZ domains of PDZ45 pack extensively
against each other, forming a compact supramodule. To gain more
insights into the PDZ4-facilitated folding of PDZ5, we have also solved
the structure of the isolated PDZ4 domain. Structural analysis shows
that PDZ4 has a distorted αB-βB groove that probably cannot bind to
C-terminal peptides. We suggest that PDZ4 functions to stabilize the
structure of PDZ5.
RESULTS
Overall structure of GRIP1 PDZ45
A 201-residue fragment of rat GRIP1 (called PDZ45 throughout the
paper), which is necessary and sufficient for GluR2 peptide binding17,24, consists of an N-terminal extension (residues 463–467), two

Department of Biochemistry, Molecular Neuroscience Center, Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, People’s
Republic of China. Correspondence should be addressed to M.Z. (mzhang@ust.hk).
Published online 12 October 2003; doi:10.1038/nsb992

972

VOLUME 10 NUMBER 11 NOVEMBER 2003 NATURE STRUCTURAL BIOLOGY

ARTICLES

© 2003 Nature Publishing Group http://www.nature.com/naturestructuralbiology

a

PDZ domain are both exposed to the surface,
and are separated by ∼36 Å (Fig. 1b).
The interface of the PDZ45 tandem contains amino acids from both domains, the central linker and the N-terminal extension. The
interface buries a surface area of ∼1,220 Å2.
The major part of the interface forms through
the packing of the back sides (relative to the
putative target-binding groove) of both PDZ
N
C
domains with the central linker and the
N-terminal extension (Fig. 1b and Fig. 2b).
Additionally, the direct interactions of residues
in the αA helix and the αA–βD loop of PDZ4
PDZ5
PDZ4
b
c
with amino acids in βA′–βB′ loop and
βC′–αA′ loop of PDZ5 also contribute to the
B´
A
interface of the PDZ repeats (Fig. 2b). The
B´
E´
B
central linker has a key role in the interdomain
F
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packing. The N-terminal half of the linker
F´
A´

D
E
A´
packs with the N-terminal extension of PDZ4
L
and αA′ of PDZ5. The backbone of the
Central linker
C-terminal half of the linker pairs with the βA′
N-terminal
strand via antiparallel β-sheet structure, and
the hydrophobic side chains of this part of the
Figure 1 Structure of PDZ45 tandem repeats of GRIP1. (a) Stereo view showing the backbone (N, Cα
linker cluster with hydrophobic residues from
and C′) of 20 superimposed NMR-derived structure of PDZ45 (residues 463–658). The structures are
βA′ and αA′–βD′ loop. We observed a total of
superimposed against the averaged structure using residues 463–658. Residues 463–558 containing
65 long-range NOEs, of which 20 are between
PDZ4 and the N-terminal extension are violet, residues 559–568 encompassing the central linker are
PDZ4 and PDZ5 and 45 are between the two
red and residues 569–658 containing PDZ5 are blue. (b) Ribbon diagram of a representative NMR
structure of PDZ45, colored as in panel a. The secondary structures of each PDZ domain are labeled
PDZ domains and the central linker. Sequence
following the standard scheme initially adopted by Doyle et al 5. A prime following each secondary
analysis of the known GRIP family proteins
structure element (e.g., αA′) in PDZ5 is used to indicate the same secondary structure as in PDZ4. The
shows that the amino acid residues in the cenβ-strand in the central linker is denoted as βL. The two PDZ domains are related by a ∼32 Å translation
tral linker of PDZ45 are completely identical
and a ∼90° rotation around an axis roughly colinear with the direction of translation. (c) Molecular
(Fig. 2a), correlating well with the critical
surface representation of PDZ45 showing the tight packing of the two domains into a supramodular
structural role of this region. The structural
structure. The surface is drawn according to its electric potential (red, negative; blue, positive). The
molecule is drawn in the same orientation as in b.
data shown here are consistent with an earlier
study showing that proper folding and function of PDZ45 require the two domains to be
PDZ repeats (the fourth and fifth PDZ domains) and an intervening covalently connected by the central linker24. At the top of the interface,
linker (residues 559–568) (Fig. 1a,b). The structure of PDZ45 was charge-charge interaction between Glu471 of PDZ4 and Lys605 of
determined using 3,253 experimental distance and dihedral angle PDZ5 stabilizes the interface of the two domains. Hydrophobic interacrestraints derived from NMR spectroscopy (Table 1). The overall tion between Val516 and Phe558 from PDZ4 and the aliphatic side
structure of the entire PDZ45 is well defined (Fig. 1a). The two PDZ chain of Lys605 and Lys606 of PDZ5 also contributes to the packing of
domains, the N-terminal extension and the central linker, pack the two domains (Fig. 2b).
together extensively, and the molecule has an elongated shape: ∼58 Å
long and ∼21 Å in diameter. The structure of PDZ45 shows that both Structure of isolated PDZ4 domain
the N-terminal extension and the PDZ intervening linker adopt a well Our previous study showed that covalent linking of the PDZ repeats of
defined structure in solution (Fig. 1a). In particular, part of the linker PDZ45 supports proper folding of PDZ5 and stabilization of PDZ4
forms a β-strand (βL) structure, and the linker β-strand augments the (ref. 24). To gain insight into the interdomain chaperoning of PDZ45,
βA strand of PDZ5 in an antiparallel manner. The intervening linker we tried to determine the solution structure of PDZ4 containing both
of PDZ45 does not act as a simple connector of the repeats. Instead, the N-terminal extension and the PDZ45 central linker. Even though
this linker integrates PDZ4 and PDZ5 via its N- and C-terminal halves, PDZ4 spontaneously unfolds during acquisition of multidimensional
respectively (see below). The surface diagram shown in Figure 1c indi- NMR spectra, we obtained high-quality experimental data for the
cates that the tandem repeat of PDZ45 is a single supramodule. The folded conformation of each freshly prepared NMR sample. Multiple
structure of PDZ45 represents the first tightly packed PDZ tandem 15N-labeled and 15N-13C-labeled NMR samples were used for chemiamong numerous multi-PDZ domain proteins.
cal shift and NOE assignment of the protein. Using 1,577 NMRderived experimental restraints, we determined the solution structure
Interface of the tandem PDZ repeats
of PDZ4 to high resolution (Fig. 3 and Table 1). Except for the βB–βC
The individual PDZ domains of PDZ45 have the same overall α/β fold loop, the entire PDZ4 is well defined, with a backbone r.m.s. deviation
observed in the structure of canonical PDZ domains. Each PDZ value of 0.68 Å. The core of PDZ4 adopts a typical PDZ domain fold
domain consists of six β-strands (βA to βF and βA′ to βF′ for PDZ4 (Fig. 3b). Comparison of the secondary structure regions of isolated
and PDZ5, respectively) and two α-helices (αA, αB and αA′, αB′, PDZ4 and the same domain in the tandem PDZ45 repeat gives rise to
respectively). The potential target peptide–binding grooves of each an r.m.s. deviation of <0.8 Å (Table 1), indicating that the overall

NATURE STRUCTURAL BIOLOGY VOLUME 10 NUMBER 11 NOVEMBER 2003

973

ARTICLES
a

A

B

C

A

D

E

B

F

550

530

510

490

470

r-GRIP1 QVVHTETTEVVLTADPVTGFGIQLQGSVFATETLSSPPLISYIEADSPAERCGVLQIGDRVMAINGIPTEDSTFEEANQLLRDSSITSKVTLEIEFDVA
m-GRIP1 QVVHTETTEVVLTADPVTGFGIQLQGSVFATETLSSPPLISYIEADSPAERCGVLQIGDRVMAINGIPTEDSTFEEANQLLRDSSITSKVTLEIEFDVA
h-GRIP1 QVVHTETTEVVLTADPVTGFGIQLQGSVFATETLSSPPLISYIEADSPAERCGVLQIGDRVMAINGIPTEDSTFEEASQLLRDSSITSKVTLEIEFDVA
r-GRIP2 QIVHTETTEVVLCGDPLSGFGLQLQGGIFATETLSSPPLVRFIEPDSPAERCGLLQVGDRVLAINGIATEDGTMEEANQLLRDAALARKVVLEIEFDVA

L´

A´

B´

C´

A´

D´

E´

B´

F´

650

630

610

590

570

© 2003 Nature Publishing Group http://www.nature.com/naturestructuralbiology

h-GRIP2 QIVHTETTEVVLCGDPLSGFGLQLQGGIFATETLSSPPLVCFIEPDSPAERCGLLQVGDRVLSINGIATEDGTMEEANQLLRDAALAHKVVLEVEFDVA

r-GRIP1 ESVIPSSGTFHVKLPKKHSVELGITISSPSSRKPGDPLVISDIKKGSVAHRTGTLELGDKLLAIDNIRLDSCSMEDAVQILQQCEDLVKLKIRKDEDNS
m-GRIP1 ESVIPSSGTFHVKLPKKHSVELGITISSPSSRKPGDPLVISDIKKGSVAHRTGTLELGDKLLAIDNIRLDNCSMEDAVQILQQCEDLVKLKIRKDEDNS
h-GRIP1 ESVIPSSGTFHVKLPKKHNVELGITISSPSSRKPGDPLVISDIKKGSVAHRTGTLELGDKLLAIDNIRLDNCSMEDAVQILQQCEDLVKLKIRKDEDNS
r-GRIP2 ESVIPSSGTFHVKLPKRRGVELGITISS-ASRKRGEPLIISDIKKGSVAHRTGTLEPGDKLLAIDNIRLDHCPMEYAVQILRQCEDLVKLKIRKDEDNS
h-GRIP2 ESVIPSSGTFHVKLPKKRSVELGITISS-ASRKRGEPLIISDIKKGSVAHRTGTLEPGDKLLAIDNIRLDNCPMEDAVQILRQCEDLVKLKIRKDEDNS

b
Figure 2 Molecular interface of PDZ45 repeats. (a) Amino acid sequence
alignment of PDZ45 of GRIP family proteins. Completely conserved
residues, red; highly conserved residues, green; conserved residues, blue;
variable residues, black. Shaded purple boxes, the N-terminal extension and
the central linker of the proteins; yellow box, αB-βF loop of each PDZ
domain. Black dots, residues of PDZ4 that are expected to be involved in
C-terminal peptide binding; stars, residues in PDZ5 involved in binding to
GluR2. The secondary structure of the protein is shown above the alignment.
In the nomenclature of the sequences, the labels r, m and h represent rat,
mouse and human, respectively. (b) Close-up view of the inter-PDZ repeat
interface of PDZ45. Both backbone and side chains of PDZ4 and N-terminal
extension are violet, PDZ5 green, and the central linker brown. The βL
strand ‘zips’ the central linker together with the βA′ strand of PDZ5. The
N-terminal extension packs with the first half of the central linker.

structure of PDZ4 remains unchanged upon packing with PDZ5. In
contrast to what is observed in PDZ45, both the N-terminal extension
and the PDZ45 linker at the C terminus of PDZ4 are completely
unstructured owing to their intrinsic flexibilities (that is, the lack of
any long-range NOEs and negative or significantly reduced 1H-15N
heteronuclear NOEs of the backbone amide groups, data not shown).
The backbone amide chemical shift differences of PDZ4 alone and the
domain in PDZ45 parallel the structural transition of the two regions
from a random coil structure in PDZ4 to a well defined structure in
PDZ45 (see Supplementary Fig. 1 online).
The N-terminal extension
Previous biochemical data have shown that the N-terminal extension
of PDZ45 is essential for the interaction between PDZ45 and GluR2
(ref. 17), although PDZ4 and the N-terminal extension are not directly
involved in the binding (see below). In the structure of PDZ45, the
N-terminal extension interacts with the central linker of the protein
(Fig. 2b). To study the role of the N-terminal extension, we created an
N-terminal truncation mutant by deleting three amino acids
(Gln-Val-Val, Fig. 2a), and designated this mutant as PDZ45∆N. Urea
denaturation experiment of freshly purified protein samples showed
that deletion of the N-terminal extension substantially decreased stability of PDZ45 (Fig. 4a). Both PDZ4 and PDZ5 are well folded in
freshly prepared PDZ45∆N as indicated by the native-like 1H-15N
HSQC spectrum of the mutant protein (Fig. 4b). However, PDZ45∆N
spontaneously unfolds at room temperature, as we observed a new set
of random coil–like resonances with very narrow chemical shift dispersion and sharp line width (Fig. 4b). In the course of spontaneous
unfolding, the intensities of the backbone amide HSQC resonances
corresponding to the folded conformation of both PDZ4 and PDZ5
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decrease with increasing time, indicating that both domains unfold
simultaneously. We checked the protein integrity of both the wild-type
PDZ45 and PDZ45∆N before and after NMR experiments by
SDS-PAGE, and ruled out unfolding induced by protein degradation
(data not shown). The simple two-state urea denaturation curve is in
agreement with the simultaneous unfolding of the two PDZ domains
of PDZ45∆N observed in the NMR experiment (Fig. 4). The data
shown here demonstrates the essential role of the N-terminal extension in maintaining global stability of PDZ45.
Distorted target-binding groove of PDZ4
After completion of the backbone assignment of PDZ45, we titrated
15N-labeled PDZ45 with the GluR2 peptide (C-terminal nineresidue peptide of GluR2, ref. 24), aiming to obtain direct data for
binding between the peptide and PDZ45. Addition of the GluR2
peptide induces substantial chemical shift and peak intensity
changes that correspond to a large number of amino acid residues
within the PDZ5 domain. Essentially no chemical shift changes were
observed for amino acid residues in PDZ4, the N-terminal extension
and the central linker (Fig. 5). These titration data demonstrate that
the PDZ5 domain is directly involved in binding to the GluR2 peptide, and the function of PDZ4 and its two termini stabilize the structure of the PDZ5 domain (as PDZ5 alone is completely unfolded24).
Amino acid sequence analysis suggests that PDZ4 resembles type II
PDZ domains, and this category of PDZ domains have the potential
to interact with carboxyl peptides containing the ΦXΦ-COOH
motif 25 (where Φ denotes hydrophobic amino acids and X any
amino acid) (Fig. 2a). We tested interactions of PDZ45 with several
carboxyl peptides derived from known PDZ45 targets including
PICK1 (ref. 26), kainate receptor GluR52b (ref. 27), and putative
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Figure 3 Solution structure of PDZ4. (a) Stereo view showing the backbone (N, Cα and C′) of 20 superimposed NMR-derived structures of PDZ4 (residues
463–567). The structures are superimposed against the averaged structure using residues 468–530 and 536–558. Both the N-terminal extension and the
central linker of PDZ45 are ill defined. (b) Ribbon diagram of a representative of PDZ4 with the potential peptide-binding channel (βB–αB groove) facing
outwards.

binder HAP1-A20 using a similar NMR titration experiment.
Notably, PDZ4 was never observed to bind to any of the target peptides tested. As a result, we considered the possibility that PDZ4
might have lost its conventional C-terminal peptide–binding capacity, and might function to stabilize the structure of PDZ5. If this were
indeed the case, we would be able to observe structural alterations of
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the potential peptide-binding groove (the αB-βB groove) of PDZ4.
We compared the conformation of the αB-βB groove of PDZ4 with
the peptide-binding groove from a canonical PDZ domain (PDZ2 of
PSD-95; ref. 28), and observed a large conformational difference
between these two PDZ domains (Fig. 5a,c). The αB helix of PDZ4 is
rotated ∼52° outward, and moves closer to the βB strand with respect
to the αB helix of PSD-95 PDZ. The rotation of the αB helix of PDZ4
covers a large part of hydrophobic surface within the αB-βB groove
seen in the conventional PDZ domains (Fig. 5c,d). The loop connecting the αB helix and the βF strand contains two extra residues as
compared with canonical PDZ domains (Fig. 2a). This αB-βF loop
closely packs with the 481-Gly-Phe-Gly-Ile-484 loop (supported by
numerous NOEs between Phe482 and Ser547), resulting in the disappearance of the carboxyl group–binding pocket of PDZ4 (Fig. 5c).
As a result of the above conformational features, the αB–βB groove
of GRIP PDZ4 is much too narrow to accommodate a C-terminal
peptide. In contrast, the target peptide–binding groove of PDZ5 has
an open conformation very similar to those observed in canonical
PDZ domains such as PSD-95 PDZ2 (Fig. 5b). The molecular surface representation of PDZ5 shows that the domain contains a well
defined peptide groove (Fig. 5d). Our NMR titration data, together
with earlier biochemical studies17,18,24, demonstrate that the folded
PDZ5 is capable of binding to type II carboxyl peptides including the
GluR2/3 tails.
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DISCUSSION
The structure of tandem PDZ45 repeats of GRIP protein solved in
this work reveals several aspects of PDZ domain–mediated protein–
protein interactions. The two PDZ domains of PDZ45 pack intimately into a single supramodule, and such interdomain packing is

Figure 4 Function of the N-terminal extension. (a) Denaturation profiles of
PDZ45 and PDZ45∆N as a concentration of urea. The ellipticities of each
spectrum at 222 nm were used to construct the denaturation curves.
(b) 1H-15N HSQC spectrum of freshly purified PDZ45∆N (black resonances),
and the same PDZ45∆N sample after ‘aging’ for two days (red resonances) at
room temperature. Selected backbone resonances for folded PDZ45∆N are
labeled (PDZ4, violet; and PDZ5, green).
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Figure 5 PDZ4 contains a closed βB-αB groove incapable of binding to
peptide ligands. (a) Comparison of the βB-αB groove conformation of GRIP
PDZ4 (orange) to that of a canonical PDZ domain (PSD-95 PDZ2, purple). In
this comparison, the two PDZ domains are superimposed on one other using
their respective βB strands. The axis of the αB helix in each PDZ domain is
indicated by a solid rod at the center of helical cylinder. (b) Comparison of
the βB-αB groove conformation of GRIP PDZ5 (green) to that of PSD-95
PDZ2 (purple). (c) The surface representation of the βB–αB groove of the
PDZ4 domain in PDZ45. In this diagram, the hydrophobic residues (alanine,
isoleucine, leucine, methionine, tryptophan, tyrosine and valine) are yellow,
the positively charged residues (arginine and lysine) are blue, the negatively
charged residues (aspartate and glutamate) are red and the rest of amino
acids are white. The orientation of the domain is roughly the same as that in
panel A. (d) The surface representation of the βB-αB groove of the PDZ5
domain in PDZ45. Color coding is as in c. The orientation of PDZ5 is the
same as that of the domain in b. (e) 1H-15N HSQC spectra of free PDZ45
(blue) and PDZ45 saturated with a synthetic peptide corresponding the last
nine residues of the GluR2 subunit of the AMPA receptors (red). The
resonances corresponding to PDZ4 are brown, and peaks from PDZ5 are
green. For clarity, only selected regions of the HSQC spectra are shown in
the figure. The resonances of the amino acids from the βB-αB groove region
of PDZ5 (I585, L599 and A610) completely disappeared after GluR2
peptide binding. None of peaks from PDZ4 (orange) showed observable
changes after peptide binding.

b

c

d
Gly481

Glu506

Ser580

Glu582

Thr480

Lys605

Ser547

Leu583 Lys577

Phe482
Tyr504

Val649
Ile585
Leu642

Asp545

Ile484

Gln485

Arg544
Ile486

Ser503

Gln643

Asp603
Thr586

Val639

Ile587

Asn540

Ser602

Gln487

Glu537
Phe536
Ser489

Met635

Ser588

Glu636

Ser589

e

114.0

V516

S550

I585

I484

S563

115.0

S534
116.0

V564
Q644

Q643
S592

117.0

A511
D533

L517

S498

118.0

L543

L599
A624
I526

V464

A610

119.0

Q640
C645

120.0

D603
8.2

8.0

7.8
1

N (p.p.m.)

S546

15

© 2003 Nature Publishing Group http://www.nature.com/naturestructuralbiology

a

7.6

7.4

7.2

H (p.p.m.)

required for the protein to interact with the GluR2/3 subunits of
AMPA receptor. The structures of PDZ45 in tandem and PDZ4 alone
also provide the molecular basis for the auxiliary role (that is, stabilizing another PDZ domain, thereby facilitating its target binding,
rather than directly binding to a target protein) of PDZ4 in GRIP
proteins.
The structures of tandem PDZ domains of PSD-95 PDZ12 (ref. 9)
and syntenin29 have recently been determined. Unlike the tightly
packed PDZ domains of GRIP PDZ45, the orientations of two PDZ
domains of PSD-95 PDZ12 and syntenin in aqueous solution are only
partially restrained9 (data not shown), owing to minimal direct contact between the two PDZ domains. The partially restrained orientation of the tandem PDZ domains of PSD-95 PDZ12 favors synergistic
binding of multimeric ligands to both PDZ domains. Such tandem
PDZ repeat–mediated synergistic target binding was suggested to be
functionally important for receptor–ion channel clustering on membrane surfaces9. The interdomain packing of GRIP PDZ45 is substantially more extensive than the tandem PDZ repeats of PSD-95 and
syntenin. The interdomain linker of PDZ45 contains a number of conserved serine residues. Because of the critical role of the interdomain
linker in stabilizing the PDZ45 structure, alteration of the linker (such
as phosphorylation of serine residues) might lead to the unfolding of
GRIP and its subsequent GluR2 dissociation from PDZ5.
Tandemly arranged protein-interaction modules with restrained
orientations are also observed in non-PDZ proteins. Tandem SH2
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domains in both ZAP70 tyrosine kinase30 and SHP-2 tyrosine phosphatase31 are arranged in fixed orientation, conferring great binding
specificity to bisphosphorylated peptide targets32. The double bromodomains in TAFII250 pack with each other side-by-side, resulting in a
structure ideally suited to interact with diacetylated bivalent peptide
ligands33. In these tandemly arranged protein-interaction modules,
each domain alone retains its structural integrity and monovalent
peptide ligand-binding activity. The tandem repeats act as a bivalent
receptor for their respective targets with distinct binding properties
compared with isolated domains. In contrast, the individual PDZ
domain of PDZ45 neither adopts a stable structure nor contains any
target-binding capacity24. Only the tandemly arranged PDZ domains
fold into a compact and stable structure that is capable of binding to its
targets. In addition, the tandem PDZ45 contains only one ligand binding site. Nevertheless, the common feature of these multimodular proteins is that tandemly arranged protein–protein interaction modules
are not just simple attachments of ‘beads on a string,’ but often represent functional supramodules with distinct structures and biological
functions with respect to individual domains.
METHODS
Sample preparation. Cloning, expression and purification of PDZ4 (residues
463–567) and PDZ45 (residues 463–663) of rat GRIP1 have been described24.
Uniformly 15N- and 13C-15N-labeled proteins were prepared as described28.
Uniformly 2H-15N-labeled PDZ45 was obtained by growing cells in 100% D2O
media supplemented with 15NH4Cl and 2H8-glycerol (Cambridge Isotope
Laboratories). A uniformly 13C-15N-labeled and fractionally deuterated PDZ45
sample was prepared by growing bacteria in 80% D2O34. NMR samples contained ∼1.3 mM protein in 100 mM potassium phosphate, pH 7.0, 5 mM
d10-DTT in 90% H2O/10% D2O or D2O.
NMR spectroscopy. NMR spectra were acquired at 30 °C on Varian Inova 500
or 750 MHz spectrometers. Sequential backbone assignment of PDZ45 was
obtained by TROSY version of HNCO, HNCA, HN(CO)CA, HN(CA)CB and
HN(COCA)CB experiments on 2H-15N-13C-labeled samples35,36. Backbone
assignment of PDZ4 was achieved using HNCO, HNCACB and
CBCA(CO)NH using multiple freshly prepared 15N-13C-labeled PDZ4 samples37. Nonaromatic, nonexchangeable side chain resonances were assigned
using HCCH-TOCSY experiments for both proteins37,38. The side chains of
aromatics were assigned by 1H 2D TOCSY and NOESY experiments39.
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Table 1 Structural statistics for the family of 20 structures of
PDZ45 and PDZ4
PDZ45

PDZ4

Intraresidue (i – j = 0)

1,214

616

Sequential (|i – j| = 1)

819

337

Medium range (2 < |i – j| < 4)

345

149
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Distance restraints

Long range(|i – j| > 5)

608

338

Hydrogen bonds

114

50

Total

3,100

1,490

Φ

77

43

Ψ

76

44

Total

153

87

Dihedral angle restraints

Illustrations. The figures were prepared using MolMol42, MolScript43,
Raster3D44 and GRASP45.
Coordinates. The coordinates of the PDZ4 and PDZ45 structures have been
deposited in the Protein Data Bank (accession codes 1P1E and 1P1D, respectively).
Note: Supplementary information is available on the Nature Structural Biology website.
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Mean r.m.s. deviations from experimental restraints
Distance (Å)

0.023 ± 0.001

0.015 ± 0.001

Dihedral angle (°)

0.313 ± 0.055

0.269 ± 0.067

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

0.002 ± 0.000

Received 15 April; accepted 25 August 2003
Published online at http://www.nature.com/naturestructuralbiology/

Mean r.m.s. deviations from idealized covalent geometry
Bond (Å)

0.002 ± 0.000

Angle (°)

0.352 ± 0.009

0.314 ± 0.007

Improper (°)

0.238 ± 0.013

0.197 ± 0.012
26.62 ± 3.07

Mean energies (kcal mol–1)
ENOEa

83.89 ± 4.97

Ecdiha

0.94 ± 0.32

0.41 ± 0.21

EL-J

–403.4 ± 21.2

–229.1 ± 9.6

Ramachandran plot (%)b
Most favorable regions

66.5

66.6

Additional allowed regions

26.6

25.7

Generously allowed regions

5.9

6.7

Atomic r.m.s. differences (Å)
Full moleculec
Backbone atoms (N, Cα and C′) 1.13

0.68

Heavy atoms

1.44

1.13

Backbone atoms (N, Cα and C′) 0.74

0.52

Heavy atoms

0.95

Secondary structured
1.08

None of the structures exhibits distance violations >0.3 Å or dihedral angle violations >4°.
aThe final values of the square-well NOE and dihedral angle potentials were calculated with
force constants of 50 kcal mol–1 Å–1 and 200 kcal mol–1 rad–1, respectively. bPROCHECK46
was used to assess the overall quality of the structures. cResidues 463–658 for PDZ45. For
the statistics of PDZ4, the unstructured βB–βC loop (residues 489–499) is excluded in the
calculation. dThe definition of the secondary structures is shown in Figure 2a.

Structure calculations. Approximate interproton distance restraints of both
PDZ4 and PDZ45 were derived from the following NOESY spectra: 2D 1HNOESY, 3D 15N-separated NOESY and 3D 13C-separated NOESY. One of each
of the 15N-separated NOESY spectra was recorded on 15N- and 2H-15N-labeled
PDZ45 samples, respectively. NOE restraints of both PDZ4 and PDZ45 were
grouped into three distance ranges: 1.8–2.7 Å, 1.8–3.3 Å and 1.8–5.0 Å, corresponding to strong, medium and weak NOEs, respectively. Hydrogen bonding
restraints were generated from the standard secondary structure of the proteins. Backbone dihedral angle restrains were derived from TALOS40.
Structures were calculated using CNS41.
Urea denaturation. Denaturation of PDZ45 and PDZ45∆N by urea was monitored by acquiring circular dichroism spectra of protein samples at each urea
concentration. The data were collected on a JASCO J-720 spectropolarimeter at
room temperature. The samples contained 15 µM protein in 10 mM Tris-HCl
(pH 7.5).
Carboxyl peptide ligand titration. Carboxyl peptide ligand titrations of PDZ4
and PDZ45 were carried out by recording 1H-15N HSQC spectra of 15N-labeled
protein samples (∼0.3 mM) using commercially synthesized carboxyl peptides.
The sample buffer was identical to that used in the structure determination of
PDZ4 and PDZ45.
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