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Abstract

GOPC (Golgi-associated PDZ and coiled-coil motif-containing protein) represents a PDZ domain-
containing protein associated with the Golgi apparatus, which plays important roles in vesicular
trafficking in secretory and endocytic pathways. GOPC interacts with many other proteins, such as the
Wnt receptors Frizzled 8 and neuroligin via its PDZ domain. Neuroligin is a neural cell-adhesion
molecule of the post-synapse, which binds to the presynapse molecule neurexin to form a heterotypic
intercellular junction. Here we report the solution structure of the GOPC PDZ domain by NMR. Our
results show that it is a canonical class I PDZ domain, which contains two a-helices and six b-strands.
Using chemical shift perturbation experiments, we further studied the binding properties of the GOPC
PDZ domain with the C-terminal motif of neuroligin. The observations showed that the ensemble of the
interaction belongs to fast exchange with low affinity. The 3D model of the GOPC PDZ domain/
neuroligin C-terminal peptide complex was constructed with the aid of the molecular dynamics
simulation method. Our discoveries provide insight into the specific interaction of the GOPC PDZ
domain with the C-terminal peptide of Nlg and also provide a general insight about the possible binding
mode of the interaction of Nlg with other PDZ domain-containing proteins.
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GOPC (Golgi-associated PDZ and coiled-coil motif-con-
taining protein) represents a PDZ domain containing
protein associated with the Golgi apparatus (Charest et
al. 2001; Yao et al. 2001). GOPC is expressed in all
tissues analyzed in mice and in humans, suggesting that it
plays a housekeeping role and takes part in multiple
functions such as in vesicular trafficking in secretory and
endocytic pathways (Charest et al. 2001; Cheng et al.

2002). A mouse GOPC is involved in acrosome formation
by facilitating protein cargo transport from the Golgi
apparatus. The GOPC-deficient mice showed complete
lack of acrosomes due to the failure of vesicle transport
from the Golgi apparatus (Yao et al. 2002). GOPC
interacts specifically with golgin-160, a peripheral mem-
brane protein belonging to the golgin family of Golgi-
localized proteins, indicating that GOPC participates in
golgin-160-dependent trafficking of cargo (Hicks and
Machamer 2005). GOPC modulates intracellular traffick-
ing via binding of its coiled-coil domain to the small
GTPase Tc10, a member of the Rho-GTPase family
(Neudauer et al. 2001). Activation of Tc10 leads to in-
creased transport of GOPC and its associated cystic
fibrosis transmembrane conductance regulator from the
Golgi to the plasma membrane, showing that the Tc10/GOPC
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system determines the distribution of specific membrane
proteins between the plasma membrane and intracellular
compartments (Cheng et al. 2005).

GOPC possesses two coiled-coil domains and a single
PDZ domain (Fig. 1A). The coiled-coil domain could
bind to plasma membrane protein syntaxin 6, which
suggested a relationship between GOPC with soluble
N-ethylmaleimide-sensitive fusion protein attachment pro-
tein receptor-mediated membrane recognition and fusion
(Charest et al. 2001). Previous work showed that the PDZ
domain plays an important role in GOPC function (Cheng
et al. 2002, 2004; Yue et al. 2002; Gentzsch et al. 2003;
Ives et al. 2004; Wente et al. 2005). Many interactions of
GOPC with other proteins, such as the Wnt receptors
Frizzled 5 and 8 (Yao et al. 2001), d2 glutamate receptor
(Yue et al. 2002), and neuroligin (Nlg) (Meyer et al. 2004),
occur in a PDZ domain-dependent manner. Here we
focused on the interaction of GOPC with Nlg via its PDZ
domain. At the same time, we also looked at its interaction
with the C-terminal motif of Frizzled 8.

Nlg is a post-synaptic cell-adhesion molecule of syn-
apses that contain five distinct domains: a cleaved
N-terminal signal sequence, a large extracellular acetylcho-
linesterase homology domain (but enzymatically inactive),
a linker domain resembling an O-glycosylation cassette, a
highly conserved single transmembrane domain, and a short
intracellular sequence with a highly conserved C terminus
(Fig. 1B; Ushkaryov et al. 1992, 1994; Hata et al. 1996;
Ichtchenko et al. 1996; Irie et al. 1997; Sugita et al. 2001).
The extracellular domain of Nlg tightly binds to the extra-
cellular domain of b-neurexins (also cell-surface proteins)
to form a heterotypic intercellular junction (regulated by
alternative splicing). The two intracellular sides of the
Nlg/b-neurexin junction are assembled by similar but dis-
tinct PDZ domain-containing proteins (Sugita et al. 2001).
The Nlg/b-neurexin interaction could increase the lifetime
of the nascent synapse and induce further maturation of the
synapse by signaling through their PDZ domain interac-
tions (Scheiffele et al. 2000; Bolliger et al. 2001). Nlgs
control the formation and functional balance of excitatory
and inhibitory synapses and regulate the excitatory:inhibi-
tory synaptic ratio through interaction with their post-

synaptic binding partner, such as PSD-95 (Ichtchenko
et al. 1995; Kurschner et al. 1998; Levinson et al. 2005;
Nam and Chen 2005).

Recently, by using a yeast two-hybrid screen, GOPC
was identified as a putative binding partner of Nlgs
(Meyer et al. 2004). Although many biological functions
have been elucidated for GOPC, the structural basis of
GOPC and its interaction with Nlg remain unclear.

Understanding the function and specificity of GOPC
requires detailed knowledge of its structure. Here we report
the solution structure of the GOPC PDZ domain and
describe the characterization of its interaction with the C-
terminal motif (SHSTTRV) of hNlg-1 (Nlg (817–823))
using nuclear magnetic resonance (NMR). The data revealed
that the GOPC PDZ domain is a typical class I PDZ domain.
The interface of the GOPC PDZ domain interaction with the
C terminus of Nlg was identified. The GOPC PDZ domain
recognized the C-terminal sequence of Nlg with 10�4 M
affinity. A model of complex of the GOPC PDZ domain
with the C-terminal peptide of Nlg was established by
molecular dynamics (MD) simulation from the solution
structure of the GOPC PDZ domain. This model not only
gives a better explanation for the NMR chemical shift
perturbation experiment results but also provides a general
picture of how the post-synaptic cell-adhesion molecule Nlg
recognizes its partner PDZ domain-containing proteins.

Results

NMR structure determination of the GOPC PDZ domain

The complete backbone and >95% of the side-chain 1H
resonances were assigned. A 15N–1H HSQC spectrum of
15N-labeled GOPC PDZ domain with corresponding
residue assignments indicated is shown in Supplemental
Figure S1. A total of 1645 experimentally derived
distances and dihedral angle restraints was used in the
structure calculations, and the 20 lowest-energy struc-
tures have an RMSD for backbone atoms of residues 9–95
of 0.46 Å (structural statistics summarized in Table 1).
The N terminus (residues 1–8) and the C-terminal His tag
(-LEHHHHHH) were not used in RMSD calculations.
Figure 2A shows a stereo view of the superposition of
a family of the 20 lowest-energy NMR structures,
selected from 200 accepted structures by requiring no
NOE violation >0.5 Å and no dihedral angle violations >5°.

The final ensemble of 20 refined structures has been
deposited in the Protein Data Bank (PDB) under acces-
sion code 2DC2 and the chemical shifts have been
deposited in the BMRB (accession code 7072).

Description of the structure

The NMR-derived tertiary structure of the GOPC PDZ
domain is a canonical PDZ fold that contains two

Figure 1. Schematic representation of hGOPC and hNlg. (A) Structure of

GOPC. CC, coiled-coil domain; PDZ, PDZ domain. (B) Structure of Nlg.

SS, signal sequence; AchE-domain, acetylcholinesterase-homology do-

main; LK, linker domain; TMD, transmembrane domain; IS, intracellular

sequence; CT, C terminus.
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a-helices (aA and aB) and six b-strands (from bA to bF)
(Fig. 2A,B). As part of the tertiary structure, the
b-strands, bA/bF, bB/bC, and bD/bE, form antiparallel
b-sheets, with bA, bB, bC, and aA forming one face of
the shell-shaped structure and bD, bE, bF, and aB
forming the other face. As in other PDZ domains, a deep
binding groove for substrates is formed by strand bB, its
N-terminal loop, and aB (see Figs. 2B, 3).

The dynamic properties of GOPC PDZ domain were
probed by measuring 15N relaxation parameters at 303 K.
Longitudinal T1 and transversal T2 relaxation times as
well as 1H–15N heteronuclear NOE values were obtained
for a total of 76 backbone amide protons (88% of all
possible) (see Supplemental Fig. S2). The average 15N–
1H NOE value of 0.72 (60.05) indicates that most regions
of GOPC PDZ domain are relatively rigid, which is
consistent with the narrow distribution of conformers in
the calculated ensemble. Squared order parameter (S2),
the effective correlation time for fast internal motions

(te), and the refined tm value were obtained by FAST-
ModelFree program v1.0 (Cole and Loria 2003). A global
tm of 7.77 nanoseconds was given while the order
parameters S2 were obtained for the 63 remaining resi-
dues. The mean value of the order parameter for residues
is 0.89 and most of the order parameters are >0.8 (S2 >
0.8) for residues located in a-helices and b-strands.
However, there are several residues giving smaller order
parameters, including R84, G85, and E86. The te values
in this region are higher than the average value, indicating
that these residues have greater flexibility on the pico-
second timescale. Coincidentally, they are located on
loops or turns linking secondary structures.

Dali analyses (Holm and Sander 1993) revealed that the
structure of the GOPC PDZ domain is closest to that of
PDZ3 of PSD95 with an RMSD value of 1.1 Å for the
entire PDZ domain. The sequence identity and similarity
between these two PDZ domains are 42% and 56%,
respectively.

A previously reported study revealed that Nlg could
interact with the GOPC PDZ domain and many other
PDZ domain-containing proteins screened by the yeast
two-hybrid system (Meyer et al. 2004). It is meaningful
to see the structural similarities and differences among
these proteins. Our GOPC PDZ domain structure (entry
2DC2) was superposed with other structures, including
PSD95 PDZ3 (1BE9: A), SAP102 PDZ3 (1UM7), and
S-SCAM PDZ1 (1UEQ), all of which are partners of
Nlg. The superposition shows that those partners have
similar tertiary structures (see Supplemental Fig. S3).
Table 2 gives the Z score and RMSD between these
structures.

The conformation of the binding cleft of GOPC PDZ
domain and the other partners of Nlg were compared.
Although the GOPC PDZ domain and the other partners
of Nlg are similar, the difference was found in GLGF
repeats (Fig. 2C), which are located at the bA/bB
connecting loop containing the highly conserved se-
quence Gly–Leu–Gly–Phe in class I and class III PDZ
domains. These residues, which occur at the top of the
peptide-binding cleft before strand bB, turn out to play an
important functional role in binding the C-terminal
carboxylate group of the peptide. Therefore, the loop is
referred to as the carboxylate-binding loop. In the GOPC
PDZ domain, the carboxylate-binding loop is replaced by
the sequence GLGI. By a comparison of the conformation
of the aB/bB groove of the GOPC PDZ domain with that
of PSD-95 PDZ3 (see Fig. 3), it is found that the side
chain of the fourth amino acid in the GLGI motif is
pointed toward the interior of the protein and is invariably
hydrophobic despite the difference in sequence. Thus the
structure of the binding site is not altered by this re-
placement. From Figure 3, it has also been found that the
orientations of the side chains of amino acids that are

Table 1. Structural statistics for the family of 20 lowest-energy
structures

Total distance restraints 1645

Total NOE restraints 1591

Intraresidue (i � j ¼ 0) 535

Sequential (|i � j| ¼ 1) 377

Medium range (2 < |i � j| < 4) 243

Long range (|i � j| > 5) 436

Hydrogen bonds 54

Mean RMS deviations from idealized

covalent geometrya

Bond (Å) 0.0008 6 0.00003

Angle (°) 0.3058 6 0.0012

Improper (°) 0.1340 6 0.0022

Lennard-Jones potential energy (kcal mol�1) �250.94 6 9.42

Coordinate precision

Pairwise RMSD for backbone atoms

(9–95) (Å) 0.67 6 0.09

Pairwise RMSD for heavy atoms (9–95) (Å) 1.34 6 0.10

Atomic RMS differences (Å)b bb/heavyc

9–95 0.461/0.927

9–17, 25–30, 37–43, 47–63, 66–67,

73–82, 87–93 0.374/0.818

Ramachandran plot (% residues)d

Residues in the most favorable regions 95.2

Additional allowed regions 4.8

Generously allowed regions 0

Residues in disallowed regions 0

None of the structures exhibits distance violations >0.5Å or dihedral angle
violations >5°.
a Residues 1–8 and His tag are highly mobile and disordered as shown by
heteronuclear NOE experiments and are therefore not included in the
calculation of RMS differences.
b The precision of the atomic coordinates is defined as the average RMS
difference between the 20 final structures and the mean coordinates of the
protein.
c Backbone heavy atom (N, Ca, and C9) / Heavy atoms.
d The program PROCHECK was used to assess the overall quality of the
structures.

Solution structure of the GOPC PDZ domain
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located at the binding cleft besides the GLGF repeats are
the same. These results imply that the C terminus of Nlg
interaction with its partners may be using a similar
pattern as with the GOPC PDZ domain.

The binding interface of the C terminus of Nlg on the
GOPC PDZ domain

The residues that are involved in the interaction with the
peptide were identified by NMR chemical shift mapping
during titration of the protein with peptide. The chemical
shift changes (Ddppm) of the backbone amide, between the
free and the bound state, were plotted versus the GOPC
PDZ domain sequence number for the final point in each
titration (Fig. 4). There were 10 residues perturbed
significantly whose chemical shift changes were greater
than the sum of the mean and standard deviations during
titration of the Nlg (817–823). Especially, resonances of
Leu23 and Gly24 disappeared when the titration began
and never re-emerged. Besides the residues with signif-
icant changes, the other residues whose chemical shift
changes were larger than the mean value also were found,
including Lys17, Glu18, Asp19, Gly22, Gly30, His33,
Glu41, Ile42, His 43, Gly45, Gln46, Asp49, Val77, Thr78,
and Leu80. We found that most perturbed residues
clustered in the bB, bC, and aB regions, which is
consistent with the canonical ligand-binding site of the
PDZ domain. Taken together, the NMR results indicate
that the peptide binds to the GOPC PDZ domain in the

Figure 2. Structure of the GOPC PDZ domain determined by NMR spectroscopy. (A) Stereo view of the final 20 lowest-energy

structures of the GOPC PDZ domain, superimposed using backbone atoms (N, Ca, and C9). (B) One representative structure of the

GOPC PDZ domain with the secondary structure elements highlighted. The secondary structure elements are labeled following the

scheme used in the crystal structure of PSD-95 PDZ3. Both figures were generated using MOLMOL (Koradi et al. 1996). (C) Amino

acid sequence alignment of selected PDZ domains. The secondary structure of the GOPC PDZ domain determined is also included at

the top of the sequence. Residues identical in all five sequences are shown in red columns, and conserved residues are shown in red

letters. The sequence alignment was made using ClustalW.

Figure 3. Comparison of the aB/bB groove conformation. GOPC PDZ

domain (cyan), PSD-95 PDZ3 (yellow). The program MOLMOL (Koradi

et al. 1996) was used to generate the figure.
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canonical fashion, with the peptidic ligand adopting an
extended, b-strand-like conformation and occupying the
cleft between aB and bB (with an antiparallel arrange-
ment with the bB strand). Perturbation of Lys31 and
His33 (both located in the bB/bC loop) indicates that the
bB/bC loops of the PDZ domain might be involved in
ligand interaction.

C terminus of Nlg binds to the GOPC PDZ domain with
a low affinity

The spectral changes induced by the interaction of the
peptide with the PDZ domain are typical for fast ex-
change on the NMR timescale (except for Leu23 and
Gly24, they might belong to intermediate exchange). No
slow exchange was observed. With increasing concen-
trations of Nlg (817–823), the amide proton and nitrogen
resonances of affected residues shifted gradually from
apo states to final binding states (Fig. 5B shows this
change of chemical shift of Ser81, one of significant
residues), indicating that the ensemble of the binary
complexes was in fast exchange on the NMR timescale.
The dissociation constant of the interaction between the
GOPC PDZ domain and Nlg was obtained by monitoring
the change in resonance chemical shifts of the residues
that had significant chemical shift changes (except for
A48, which is located out of the bB, bC, and aB regions
and has poor ‘‘goodness of fit’’) as a function of peptide
concentration during titration with Nlg (see Supplemental
Table S1). The chemical shift titration curves were fit to
a two-state equilibrium model. The average value for KD

is 260 (686) mM calculated using Equations 2 and 3 in
Materials and Methods. The error in the measured KD is
quoted as the standard error of the fit. For accurate
measurements, it is required that the KD be no more than
1 order of magnitude larger/smaller than the protein
concentration, although dissociation constants 1 order of
magnitude lower than the protein concentration can
readily be distinguished with this method (Hu et al.
2004). In our chemical shift titration, the total concen-
tration of the GOPC PDZ domain is 500 mM while the
average value for KD is 260 (686) mM. That is, both
orders are the same, showing the reliability of our results.

Model of the GOPC PDZ domain/C-terminal peptide
of Nlg complex

Due to the fast exchange between GOPC PDZ and the
C-terminal peptide of Nlg, it is difficult to solve the
structure of the complex directly by NMR. We employed
the crystal structure of the complex of PSD95 PDZ3 with
the peptide TKNYKQTSV (PDB ID 1BE9) as a template
and got the 3D models of GOPC PDZ–Nlg complex by
molecular dynamics (MD) simulation (Fig. 6A,B).

Inspection of the complex model reveals seven possible
intermolecular hydrogen bonds between the GOPC PDZ
domain and Nlg (Fig. 6B). Leu23, Gly24, and Ile25
backbone amides of the GOPC PDZ domain can form
a hydrogen bond network with the C-terminal STTRV
motif of Nlg. The Ile25 backbone carboxyl group pairs
with V0 backbone amide. Ile27 carboxyl and amide
backbone groups pair with the �2 position (T�2) back-
bone amide and carboxyl group, respectively. The GOPC
PDZ domain side chains of Leu23, Gly24, and Ile25 can
form a hydrophobic cluster with V0 of Nlg. His73 can, in
principle, form a hydrogen bond with the side chain of
T�2. V77 forms a polar interaction with the �2 position
(T�2). This model can explain the results of chemical
shift perturbation experiments.

In the canonical PDZ domain, the binding specificity is
critically determined by the interaction of the first residue
of aB helix with the side chain of the �2 residue of the
ligand (Songyang et al. 1997). Class I PDZ interactions are
characterized by hydroxyl groups (Ser or Thr) at the �2
position of the peptide ligand and His at the first position of

Table 2. Structural similarities between the GOPC PDZ
domaina and other PDZ domains (analyzed by Dali)

Z score RMSD [Å]

PSD95 PDZ3 (1BE9: A)b 13.6 1.1

SAP102 PDZ3 (1UM7)c 12.6 1.4

S-SCAM PDZ1 (1UEQ)d 11.6 1.7

The residues in each PDZ domain that were superimposed to obtain the
RMSD values: a from P9 to V94; b from E310 to K393; c from E15 to R98;
d from T19 to G105.

Figure 4. Histogram showing differences in chemical shifts in the free

GOPC PDZ domain and its complex with C-terminal peptide from Nlg.

The mean value is shown as a continuous line; the mean value plus 1

standard deviation, as a broken line. P marks proline residues; X, missing

resonances that are not visible in the HSQC spectra.

Solution structure of the GOPC PDZ domain
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aB helix of the PDZ domain. Amino acid sequence analysis
reveals that a histidine (His73) takes the start position of aB
in the GOPC PDZ domain (Fig. 2C), which indicates that
the GOPC PDZ domain is a canonical class I PDZ domain.
This is also confirmed by NMR titrations with peptidic
ligand and is consistent with our model.

The binding interface of the C terminus of Frizzled 8 on
the GOPC PDZ domain

To understand more about the function of the GOPC PDZ
domain, we also analyzed the PDZ domain interaction
with the C-terminal peptide (KQMPLSQV) of hFrizzled 8

(687–694) using the same titration methods as in the
above section. The frizzled gene is evolutionally con-
served in a wide variety of organisms and the Frizzled is
implicated in Drosophila development (Vinson et al.
1989; Strutt 2001). A previous study showed that the
PDZ domain of GOPC could interact with the C-terminal
motif of mouse Frizzled and that GOPC might play a role
in vesicle transport of Frizzled from the Golgi apparatus
to the plasma membrane (Yao et al. 2001). With our
titration with the peptide, most resonances of interaction
residues broadened markedly as the ligand concentration
increased and became undetectable at around [ST]/[PT] ¼ 2.
Signals reappeared at high ligand concentration and may

Figure 5. Results of the chemical shift perturbation. (A) Ribbon diagram of the chemical shift changes of the GOPC PDZ domain on

titration with the C-terminal peptides of Nlg. The residues showing chemical shift changes larger than the mean value plus 1 standard

deviation caused by addition of peptide are colored orange. The residues showing chemical shift changes larger than the mean value are

colored yellow. Blue represents missing assignment; gray, otherwise. The figure was prepared using the program MOLMOL (Koradi

et al. 1996). (B) 1H–15N HSQC spectra illustrating the significant chemical shift change of Ser81 on titration with the C-terminal peptides

of Nlg. Red, green, cyan, blue, gold, and black are defined as molar ratio of the GOPC PDZ domain vs. Nlg peptide at 1:0, 1:0.3, 1:0.6,

1:0.9, 1:1.5, and 1:3.0, respectively.

Figure 6. Nlg-binding site on the surface of the GOPC PDZ domain. (A) Surface conformation of the GOPC PDZ domain

interaction with C-terminal peptide of Nlg. The hydrophobic amino acid residues are drawn in yellow; the positively charged residues,

in blue; the negatively charged residues, in red; and the uncharged polar residues, in white. (B) Intermolecular hydrogen bonds

obtained from chemical shift perturbation and MD simulation are represented by a dotted pink line. The program PyMOL (http://

www.delanoscientific.com) was used to generate the figure.
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have shifted somewhat as the concentration was further
increasing. Thus it belonged to intermediate exchange and
we could not fit the dissociation constant accurately.
Significant chemical shift changes were observed for
residues Ser26, Thr28, Gly30, Lys31, Ile37, Leu38,
Glu41, Ala48, Lys74, Val77, Ile79, and Ser81. Resonances
of Leu23, Gly24, Ile27, and Gly29 disappeared with
titration with the peptide. Other changes (larger than the
mean value but smaller than significant changes) also were
found, including residues Glu18, Gly22, Ile25, His33,
Ile42, Leu68, His73, and Thr78. Thus the interaction
interface between the PDZ domain and the C-terminal
peptide of the Frizzled 8 is also located in the bB, bC, and
aB regions (see Supplemental Figs. S4, S5).

Discussion

In this paper, we report the solution structure of the
GOPC PDZ domain, which possesses six b-strands and
two a-helices. Our results demonstrate that the GOPC
PDZ domain is a canonical class I PDZ domain, which is
consistent with the previous study (Piserchio et al. 2005).
Structural comparison with other Nlg binding PDZ
domains showed that the GOPC PDZ domain has similar
tertiary structure with other canonical I PDZ domains.
Especially, there are the same orientations of the side
chains of the amino acids located at the binding groove
(Fig. 3), indicating that they perhaps have similar in-
teraction mode with their partners.

We performed the relaxation experiments at 303 K (see
Supplemental Fig. S2). Our relaxation experiments
showed that the averages of T2 and T1 are 100 msec
and 516 msec at 303 K, respectively. These results
indicated that the GOPC PDZ domain might be not
aggregated or that the aggregation is very little at 303
K. We also measured the relaxation times of the PDZ
domain at 293 K (data not shown). Interestingly, the
average value of T2 calculated is 67 msec, which is
similar to that of Piserchio et al. (2005). The investigators
performed these at 298 K (25°C) and suggested that the
protein is partially aggregated according to the correla-
tion time (10.5 nsec, calculated from their relaxation
experiments). Taken together, it is possible that there is
a balance between monomer and aggregation of the
GOPC PDZ domain, and the shift of balance depends
on the temperate.

The binding property of the GOPC PDZ domain with
the C-terminal peptide of Nlg was characterized by the
chemical shift perturbation experiments. The results in-
dicate that the C-terminal peptide of Nlg extends in the
cleft between the bB strand and the aB helix and is
antiparallel with bB strand as an additional strand, as
most PDZ-binding ligands do. The ensemble of the binary
complexes belongs to fast exchange on the NMR time-

scale. The dissociation constants were calculated accord-
ing to titrating dynamics. The results show that the GOPC
PDZ domain binds to the C-terminal peptide of Nlg with
10�4 M affinity. Although, in most cases, interaction
between a PDZ domain and its target is constitutive, with
a binding affinity of 1–10 mM (Ponting et al. 1997), it has
been reported that the affinities for other PDZ domain/
peptide complexes are similar to that of the GOPC PDZ
domain/Nlg peptide complex (Wiedemann et al. 2004).
Due to GOPC taking part in multiple functions, the low
affinity of the PDZ GOPC domain interaction with the C
terminus of Nlg might be important for changing different
binding partners. Nevertheless, the fast exchange makes it
difficult to determine the structure of a complex using
NMR experiments because too few intermolecular NOEs
are observed. So MD simulation employing the solution
structure of the complex of PSD95 PDZ3 with the peptide
TKNYKQTSV (PDB ID 1BE9) as a template was also
performed to verify the interaction between the GOPC
PDZ domain and C-terminal peptide of Nlg, and the
binding interfaces on the GOPC PDZ domain were
identified. Dali analysis (Table 2) shows that the structure
of the GOPC PDZ domain is most similar to that of
PSD95 PDZ3. PSD95 is a prototypic PDZ domain-
containing protein and interacts with Nlg via its PDZ3
(Cho et al. 1992; Irie et al. 1997). Our results will help to
understand the function of GOPC and Nlg. Structural
similarity between GOPC PDZ and PSD95 PDZ3 implies
these two proteins may bind to Nlg with similar modes.

Both Nlg and neurexin are neural cell adhesion mole-
cules located in the post-synapse and the presynapse,
respectively. The extracellular domain of neuroligins
tightly binds to the extracellular domain of neurexins
and form a heterotypic intercellular junction. Nlg and b-
neurexin play an important role during the development
of synapses. The C terminus of Nlg lacks any signaling
motifs and only contains a type I PDZ binding motif.
GOPC, the protein related with vesicle transport from the
Golgi apparatus, also binds the Frizzled 8 via its PDZ
domain besides Nlg. Frizzled genes are related with the
development of cell polarity in the Wnt pathway. The
GOPC PDZ domain might function as an important link
between Nlg/Neurexin and Wnt pathways.

Recently a novel protein complex linking the d2 gluta-
mate receptor and autophagy was discovered (Yue et al.
2002). GOPC played an important role in this complex. Its
PDZ domain binds to d2 glutamate receptor while its
coiled-coil region binds to Beclin1, an important regulator
of autophagy. GOPC and Beclin1 can synergize to induce
autophagy. Evidence has accumulated that autophagy is an
important player in neuronal cell death and neurodegener-
ative disease. The structure and ligand-binding interface of
GOPC PDZ provide a structural basis for the further
functional study of this important molecule.

Solution structure of the GOPC PDZ domain

www.proteinscience.org 2155

JOBNAME: PROSCI 15#9 2006 PAGE: 7 OUTPUT: Monday August 7 14:06:25 2006

csh/PROSCI/118160/ps0620875



Materials and methods

Expression and purification of the GOPC PDZ domain

The DNA fragment encoding amino acid residues 270–363, which
constitutes the human GOPC PDZ domain (276–363) and six
amino acid residues preceding it, was polymerase chain reaction–
amplified from the human brain cDNA library with specific
primers. The amplified DNA fragment was inserted into the
plasmid pET22b (+) (Novagen). The recombinant vector harbor-
ing the target gene was transformed into Escherichia coli BL21
(DE3) host cells for large-scale protein production. Recombinant
PDZ domain fragment was purified using HiTrap chelating
column (Pharmacia) chromatography. The purified recombinant
protein contained an N-terminal Met and a C-terminal His tag
(-LEHHHHHH) carried over from the cloning vector. The con-
centrations of 15N-labeled and 13C, 15N-labeled GOPC PDZ
domain were ;0.8–1.0 mM, while the concentration of unlabeled
GOPC PDZ domain was up to 2.0 mM. All samples for NMR
contained 20 mM phosphate buffer (at pH 6.0, containing 1 mM
EDTA and 4 mM DTT in 90% H2O, 10% D2O).

Peptide synthesis and purification

The C-terminal peptide (SHSTTRV) of hNlg-1 (Nlg (817–823))
was chemically synthesized using standard Fmoc (N-(9-fluo-
renyl) methoxycarbonyl) chemistry at Shanghai Sangon Bi-
ological Engineering & Technology and Service Co. Ltd. The
synthetic peptide was purified by a reverse-phase high-pressure
liquid chromatography (C18 column) eluted with an acetonitrile
linear gradient of 15%–30%. The final product was lyophilized
and verified by matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) mass spectrometry and NMR signal
assignments.

NMR spectroscopy

The NMR experiments were performed on a Bruker DMX500
spectrometer with self-shielded Z-axis gradients. The following
spectra were recorded at 303 K to obtain backbone and side-
chain resonance assignments: 2D 1H–15N HSQC, 2D 1H–13C
HSQC, 3D triple-resonance spectra HNCO, HN(CA)CO,
CBCA(CO)NH, CBCANH, HBHA(CBCACO)NH, C(CO)NH-
TOCSY, H(CCO)NH-TOCSY, 15N-TOCSY, HCCH-TOCSY,
HCCH-COSY (Bax et al. 1990a,b,c; Clubb et al. 1992; Grzesiek
and Bax 1992; Muhandiram and Kay 1994). The 15N-labeled
sample was lyophilized and dissolved in 99.96% D2O, followed
immediately by HSQC experiments to monitor the disappear-
ance of NH signals at 293 K. NMR data processing was carried
out using NMRPipe and NMRDraw software (Delaglio et al.
1995), and the data were analyzed using Sparky 3. All software
was run on a Linux system.

NMR distance restraints were collected from three different
NOESY spectra: 3D 15N-separated NOESY in water for amide
protons, 3D 13C-separated NOESY in water for aliphatic protons
(mixing time 130 msec), and 2D 1H-NOESY in D2O (mixing
time 100 msec) for aromatic protons. The TALOS (torsion angle
likelihood obtained from shift and sequence similarity) (Corni-
lescu et al. 1999) was calculated for five types of nuclear: 13Ca,
13Cb, 13CO, 1Ha, and 15N. Only TALOS ‘‘good’’ predictions
with nine or 10 matches in agreement were used and converted
into restraints on f and c angles. The chemical shift index (CSI)

(Wishart and Sykes 1994), which was calculated for four types
of nuclear 13Ca, 13Cb, 13CO, and 1Ha, was applied as supple-
ment. Hydrogen bond restraints were obtained by identifying the
slow-exchange amide protons after overnight incubation fol-
lowing solvent exchange. For each hydrogen bond, two distance
restraints (NH–O and N–O) were used.

Structures were calculated using the program CNS v1.1,
employing a simulated annealing protocol for torsion angle
dynamics. The calculated structures were analyzed by the
programs PROCHECK and MOLMOL (Koradi et al. 1996;
Laskowski et al. 1996).

15N relaxation experiments were carried out at 303 K on
a Bruker DMX500 NMR spectrometer. 15N relaxation measure-
ments were carried out using the published methods (Farrow et
al. 1994). 15N T1 relaxation rates were measured with eight
relaxation delays: 111, 61.3, 141.5, 241.8, 362.2, 522.7, 753.4,
and 1144.5 msec. 15N T2 relaxation rates were measured with
six relaxation delays: 17.6, 35.2, 52.8, 70.4, 105.6, and 140.8
msec. A recycle delay of 1 sec was used for measurement of T1

and T2 relaxation rates. The spectra measuring 1H–15N NOE
were acquired with a 2-sec relaxation delay followed by a 3-sec
period of proton saturation. The spectra recorded in the absence
of proton saturation employed a relaxation delay of 5 sec. The
exponential curve fitting and extract of T1s and T2s are
processed by Sparky 3.

NMR titration

NMR titration of the GOPC PDZ domain with Nlg was
performed using 500 mM 15N-labeled protein. Peptidic ligand
stock solution of 50 mM was titrated such that the 500-mL NMR
sample was diluted by no more than 10%. The 1H and 15N
resonance variations were followed by HSQC experiments, and
all NMR 15N-HSQC spectra were acquired at 303 K. Combined
chemical shift perturbation was calculated using the following
equation:

Ddppm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DdHNð Þ2 + DdNaNð Þ2

q
(1)

in which DdHN and DdN are the chemical shift variations in the
proton and nitrogen dimensions, respectively, and aN is the
scaling factor used to normalize the 1H and 15N chemical shifts,
which equaled 0.17 (Tochio et al. 1999; Zhou et al. 2005).

Measurement of equilibrium dissociation constants

Dissociation constants of the interaction of the GOPC PDZ
domain with the C terminus of Nlg were obtained by monitoring
the chemical shift changes between the GOPC PDZ domain in
the apo and bound conformation during titration experiments.
When the exchange rate is greater than the chemical shift
difference between the free and the bound states (as for the
peptidic ligand in this study), the observed chemical shift at
each titration point, day, is a weighted average between the
chemical shifts of the free and bound states (Lian et al. 1994;
Liu et al. 1996; Hu et al. 2004) obtained by

dav ¼ PB½ �
PT½ � dB + 1 � PB½ �

PT½ �

� �
dF (2)
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where dF is the chemical shift of the protein domain in the
absence of peptidic ligand, dB is the chemical shift of the protein
domain bound to peptidic ligand, [PB] is the concentration of
ligand-bound protein domain, and [PT] is the total concentration
of protein domain. The mole fraction used to fit the titration
curve was calculated for the total substrate concentration at each
point in the titration and from the fitted dissociation constant
using Equations 2 and 3. In Equation 3, KD is the dissociation
constant and [ST] is the total peptidic ligand concentration at
each titration point.

PB½ �¼ KD + ST½ �+ PT½ �ð Þ� KD + ST½ �+ PT½ �ð Þ2�4 ST½ � PT½ �
h i1=2

� �
=2

(3)

Molecular modeling of the GOPC PDZ domain with
C-terminal penta-peptide of Nlg

Modeling of the complex of the GOPC PDZ domain with C-
terminal peptide of Nlg was done using molecular replacement.
We employed the solution structure of the complex of PSD95
PDZ3 with the peptide TKNYKQTSV (PDB ID 1BE9) as
a template. Structure alignment was performed using the CE
(Shindyalov and Bourne 1998) algorithm followed by molec-
ular replacement. Molecular dynamics (MD) simulation were
performed to optimize the models. First, 500 steps of the
steepest-descent energy minimization followed by 300 psec
MD simulation at a temperature gradually increased from 50 K
to 300 K were carried out, with all heavy atoms of the protein
and the peptidic ligand backbone restrained to their respective
starting positions by a harmonic potential, with a restraint force
constant gradually decreased from 1.0E4 to 5.0E3 KJ/(mol 3
nm2). Then another 500-psec MD simulation was performed
with position restraints applied to the heavy atoms of the
residues out of the binding region including residues 17–33,
37–43, and 71–82. In the next step, the entire system was
optimized by 500 psec MD simulation without any restraints.
Finally, the resulting configuration was minimized through
stepwise simulated annealing: In a 500-psec simulation the
temperature of the system was gradually reduced from 300 K to
100 K. The GROMOS96 package (van Gunsteren et al. 1996)
with the GROMOS96 force field combined with an explicit
solvent model (SPC) was used to perform the simulation. The
resulting models were checked for quality using the program
PROCHECK.

Data bank accession codes

The coordinates of the 20 refined structures of the GOPC PDZ
domain have been deposited in the PDB with the accession code
2DC2, and the chemical shifts have been deposited in the
BMRB with accession code 7072.

Electronic supplemental material

Supplemental material includes dissociation constants of in-
teraction of the GOPC PDZ domain with the C terminus of Nlg
(Table S1); the ensemble of the GOPC PDZ domain (Fig. S1);
NMR relaxation data, and S2, te, and Rex results of analysis by
FAST-ModelFree (Fig. S2); superposition of the PDZ domains

(Fig. S3); and the GOPC PDZ domain interaction with C-
terminal motif of the Frizzled 8 (Figs. S4, S5).
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