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Discs large homolog 1 (DLG1/SAP97) is involved in the development and regulation of neuronal and
immunological synapses. DLG1 is a member of the membrane associated guanylate kinase (MAGUK) fam-
ily of proteins, which function as molecular scaffolds. The C-terminal guanylate kinase (GK) domain of
DLG1 binds peptides with a phosphorylated serine residue. In this study, we solved the crystal structure
of the GK domain of human DLG1. The C-terminal tail of DLG1 is bound to the peptide-binding site of an
adjacent symmetry-related DLG1 GK molecule. The binding direction of the C-terminal tail to the pep-
tide-binding site is opposite to that of the phosphorylated LGN peptide in complex with the rat DLG1
GK domain. The C-terminal tail forms a 319 helix, which is also different from the conformation of the
phosphorylated LGN peptide. Nevertheless, the side chain interactions of the C-terminal tail with the

DLG1 GK domain are similar to those of the phosphorylated LGN peptide.

© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.

1. Introduction

The discs large (DLG) tumor suppressor from Drosophila and its
mammalian homologue DLG1, also known as synapse-associated
protein 97 (SAP97), belong to the membrane-associated guanylate
kinase (MAGUK) family of proteins, which function as molecular
scaffolds for the assembly of protein complexes at cell-cell contact
sites [1-5]. The MAGUK proteins consist of three conserved do-
mains: one or more PDZ domains, a Src-homology 3 (SH3) domain,
and a guanylate kinase (GK) domain. The GK domains of the MAG-
UK family proteins are catalytically inactive [6,7], and instead are
involved in protein-protein interactions.

DLG1 is expressed in neuronal cells, lymphocytes, and epithelial
cells. In neuronal synapses, DLG1 binds to glutamate receptor sub-
types, and transports them to the plasma membrane [2,3]. In T
lymphocytes, DLG1 is translocated to immunological synapses in
response to T cell receptor (TCR) engagement, and mediates TCR-
induced signaling [4]. DLG1 knockout mice exhibit developmental
abnormalities in their renal and urogenital organs [5]. The DLG1
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GK domain binds to several proteins, such as guanylate kinase-
associated protein (GKAP)/discs large-associated protein 1
(DLGAP1)/SAP90/PSD-95-associated protein 1 (SAPAP1) [8], micro-
tubule-associated protein 1A (MAPIA) [9], guanylate kinase associ-
ated kinesin (GAKIN)/kinesin superfamily protein 13B (KIF13B)
[10], brain-enriched guanylate kinase-associated protein (BEGAIN)
[11], SPA-1-like protein (SPAL)/spine-associated RAP-specific
GTPase activating protein (SPAR) [12], and leucine-glycine-aspar-
agine repeat protein (LGN) [13,14].

A recent report found that the SH3-GK fragment of rat DLG1
binds various phosphorylated peptides [13]. The crystal structure
of the fragment in complex with the phosphorylated LGN (p-
LGN) peptide revealed that it is bound in a site corresponding to
the guanosine monophosphate (GMP)-binding site of the catalyti-
cally active GK enzymes [13]. Thus, the consensus motif for phos-
phorylation-dependent binding to the GK domain was proposed
[13].

In the present study, we solved the crystal structure of the GK-
domain fragment of human DLG1. In the crystal, the C-terminal tail
of one DLG1 molecule is bound to the phosphorylated peptide-
binding site of a symmetry-related DLG1 molecule. The conforma-
tion and the direction of the C-terminal tail are both completely
different from those of the p-LGN peptide in the DLG1 complex,
while the side-chain interactions of Glu924 in the C-terminal tail
with the DLG1 GK domain are similar to those of the phosphoser-
ine (pSer) residue of the p-LGN peptide.

0006-291X © 2013 The Authors. Published by Elsevier Inc. Open access under CC BY license.
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2. Materials and methods
2.1. Protein expression and purification

The GK domain of human DLG1 (amino acid residues 734-926:
the residue numbers are of the 926-residue splice variant), with an
N-terminal histidine-affinity tag and a tobacco etch virus (TEV)
protease cleavage site, was cloned into the pCR2.1-TOPO vector
(Invitrogen). The selenomethionine-substituted protein was ex-
pressed using the Escherichia coli cell-free system. The protein
was purified by chromatography on a HisTrap column (GE Health-
care Bio-Sciences), and was subjected to TEV protease digestion.
The cleaved histidine-affinity tag was removed by a second pas-
sage through the HisTrap column. The flowthrough fraction was
collected and loaded on a HiTrap Q column (GE Healthcare Bio-Sci-
ences) and a Superdex 200 column (GE Healthcare Bio-Sciences).
The protein sample was concentrated to 6.5 mgml~! in 20 mM
Tris—HCl buffer (pH 8.0), containing 150 mM NaCl and 2 mM dithi-
othreitol (DTT).

2.2. Crystallization, data collection, and structure determination

The crystal was obtained by the hanging-drop vapor-diffusion
method at 20 °C, with a reservoir solution containing 0.2 M sodium
thiocyanate and 22% polyethylene glycol (PEG) 3350. The diffrac-
tion data were collected at the BL26B2 beamline of SPring-8 (Har-
ima, Japan), and were processed with HKL2000 [15]. The crystal
belongs to the space group P6522, with one molecule in the crystal-
lographic asymmetry unit. The structure was determined by a
combination of molecular replacement and selenomethionine sin-
gle-wavelength anomalous dispersion (SAD), using the PSD-95 GK
domain (Protein Data Bank (PDB) code 1JXO) as a search model, by
Phenix [16]. Model building was accomplished with Coot [17], and
refinement was performed with CNS [18] and Phenix [16]. Data
collection and refinement statistics are summarized in Table 1.
The final models had no Ramachandran violations, as confirmed
by PROCHECK [19]. The figures were generated by Pymol (http://
pymol.sourceforge.net/).

Table 1
Data collection, phasing, and refinement statistics.

Data collection

Beamline SPring-8 BL26B2
Space group P6522

Unit cell

a, b, c(A) 65.535, 65.535, 180.563
o By (°) 90.0, 90.0, 120.0
Wavelength (A) 0.979077
Resolution (A) 50-2.20 (2.28-2.20)"
Completeness (%) 98.2 (97.6)
Redundancy 12.0 (6.4)

I/o(I) 25.3(2.9)
Rsym’ 0.077 (0.409)
No. monomers/asymmetric unit 1

Refinement

Resolution (A) 48.0-2.20

No. reflections 21,563
Rwork/Rfree® 0.209/0.265

No. protein atoms 1434

No. water molecules 61

RMSD bond lengths (A) 0.008

RMSD bond angles (°) 1.001
Ramachandran plot

Most favored regions (%) 91.6

Additional allowed regions (%) 8.4

" The statistics in the highest-resolution shell are given in parentheses.

T Rsym =S|I — (I)|/S_I, where I is the observed intensity of reflections.

8 Rwork, free = 3"|Fobs — Fcalc|/> Fobs. Free reflections consist of 10% of the total
number of reflections.

2.3. PDB accession numbers

The atomic coordinates and structure factors have been depos-
ited in the PDB, with the accession code 3W9Y.

3. Results and discussion
3.1. Overall structure of the DLG1 GK domain

The crystal structure of the GK domain of human DLG1 (734-
926) was solved at 2.2 A resolution. The crystal belongs to the
space group P6s22, with one molecule in the asymmetric unit.
The topology is similar to those of the published GK-domain struc-
tures of other proteins (Fig. 1B). The present structure contains six
o helices, a1-a5 and o7, and nine B strands, p1-B9 (Fig. 1B). The
CORE subdomain of the GK domain is composed of al, o3, o4,
o7, B1, B2, and B7-B9, and the nucleoside monophosphate
(NMP)-binding subdomain contains o2 and B3-p6 (Fig. 1B). Resi-
dues 858-875 are missing in the present electron-density map
(Fig. 1B), presumably due to disorder, while in the DLG1 GK-do-
main structures, these residues belong to the LID subdomain,
which consists of the a5 and a6 helices and the loop between them
[13,20]. The N-terminal artificial linker of the present construct is
also disordered in the crystal.

The DLG1 GK structure adopts an open conformation, which
corresponds to those of the DLG1 GK domain complexed with
the p-LGN peptide [13], the GK domain of PSD-95 [21,22], and
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Fig. 1. The crystal structure of the GK domain of human DLG1. (A) The domain
composition of DLG1. (B) The crystal structure of the DLG1 GK domain. The CORE
subdomain (green), the nucleoside monophosphate-binding subdomain (yellow),
the LID subdomain (blue), and the C-terminal tail (magenta) are indicated in the
ribbon model. (C) Interactions between the symmetry-related molecules. The
central molecule is colored as in (B), and the adjacent molecules are colored grey.
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the homologous GK enzyme from yeast without GMP [23] (Fig. 2).
On the other hand, the yeast GK enzyme assumes a closed confor-
mation in the GMP-bound state [23] (Fig. 2C). Unlike the yeast GK
enzyme, the GK domains of DLG1 and PSD-95 do not exhibit the ki-
nase activity [6,7]. The GK domains of the MAGUK family proteins
are thought to lack the dynamic structural change between the
open and closed conformations, and thereby assume only the con-
stitutively open conformation [24].

3.2. The peptide-binding site and the C-terminal tail of the DLG1 GK
domain

In the DLG1 GK structure, the NMP-binding subdomain of one
molecule is bound to the C-terminal tail of an adjacent symme-
try-related molecule, while its own tail is bound to the NMP-bind-
ing subdomain of another symmetry-related molecule (Fig. 1C).
Due to these consecutive interactions in the crystal, the GK-domain
molecules form multimers with an approximately linear arrange-
ment. The NMP-binding subdomain contains a cluster of positively
charged residues, and provides the binding site for the phosphory-
lated peptide [13]. It is remarkable that this intermolecular inter-
action occurs without the phosphorylation of the C-terminal tail.

The interaction between the phosphorylated peptide-binding
site and the C-terminal tail is too weak to form multimers in solu-
tion. A size exclusion chromatography analysis indicated that the
GK domain is monomeric at 0.8 mgml~! in solution (data not
shown).

The C-terminal tail forms a short 3¢ helix, from Pro921 to
Lys925 (Figs. 1B and 3A). In contrast, the C-terminal tail
(Tyr902-Pro906, corresponding to Tyr917-Pro921 in human
DLGT1) of the rat DLG1 SH3—GK domain forms a B strand that inter-
acts with the fifth g strand in the SH3 domain, as an anti-parallel B
sheet [13]. Various structures containing both the SH3 and GK do-
mains of typical MAGUK family proteins have been solved
[13,20—-22,25-27]. The structures revealed that all of the C-termi-
nal tails form antiparallel B sheets with the fifth p strands of the
SH3 domains [13,20—-22,25-27]. The C-terminal tail is required
for the regulation of MAGUK function [28,29]. Models built based
on the crystal structures and biochemical assays suggested that
MAGUK oligomerization occurs through the exchange of the fifth
B strand of the SH3 domain [21]. On the other hand, the expression
construct of DLG1 used in the present study lacks the SH3 domain,
while it retains the C-terminal tail.

B

LGN peptide
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&

3.3. Mechanisms of the interaction of the peptide-binding site with the
C-terminal tail

The DLG1 C-terminal tail, which is well defined in the electron
density map, interacts with the phosphorylated peptide-binding
site (Fig. 3A). The C-terminal 10 residues, from Tyr917 to Leu926,
are extended to the adjacent GK domain in the crystal, and interact
mainly with the NMP-binding subdomain, which includes the pep-
tide-binding site (Fig. 3A).

The hydroxyl group of Tyr917 forms a direct hydrogen bond
with the side chain of Asn807 and a water-mediated hydrogen
bond with the hydroxyl group of Tyr806 (Fig. 3A). The main-chain
amide and carbonyl groups of Trp919 form water-mediated hydro-
gen bonds with the main-chain carbonyl of GIn805 (Fig. 3A). The
side chain of Trp919 hydrogen bonds with the side chain of
Glu802, and forms a hydrophobic contact with the ring of Pro921
(Fig. 3A). In turn, the Pro921 ring forms hydrophobic contacts with
the aromatic rings of Tyr806 and Tyr811. The side chain of Lys923
hydrogen bonds with the main-chain carbonyl group of Asp781
(Fig. 3A). The side chain of Glu924 forms direct hydrogen bonds
with the side chains of Arg770, Tyr782, and Tyr811, and water-
mediated hydrogen bonds with the side chains of Arg773 and
Tyr806 (Fig. 3A). The main chain of Glu924 also forms a water-
mediated hydrogen bond with the hydroxyl group of Tyr806. The
side chain of Lys925 hydrogen bonds with the side chain of
Asp831 (Fig. 3A).

3.4. Comparison of the C-terminal tail with the p-LGN peptide
complexed with DLG1

The structural comparison revealed some dramatic differences.
First of all, the main-chain direction of the C-terminal tail of DLG1
is opposite to that of the p-LGN peptide (Fig. 3A and B) [13]. In
addition, the peptide conformations are also different from each
other. The residues from Pro921 to Lys925 in the C-terminal tail
form a short 3, helix in the present structure, while the p-LGN
peptide in the previous DLG1 complex structure includes an o he-
lix [from His(—1) to Glu(+2)] and a B strand [Glu(+5) and Leu(+6)]
(numbering from the pSer residue at position 0 [pSer(0)], which
corresponds to Ser401 in rat LGN) (Fig. 3A and B) [13]. A structural
superposition revealed that the o helix axis in the p-LGN peptide is
almost perpendicular to the 3¢ helix axis in the C-terminal tail
(Fig. 3A and B) [13].

Fig. 2. Structural comparisons of the MAGUK GK domains and the GK enzyme. (A) The human DLG1 GK domain with the C-terminal tail (PDB ID: 3W9Y) and the rat DLG1 GK
domain complexed with the p-LGN peptide (PDB ID: 3UAT). The human DLG1 GK domain is shown with the C-terminal tail depicted as a green tube model, the C-terminal tail
of the symmetry-related molecule shown as a yellow tube model, and Glu924 represented by a yellow stick model. The rat DLG1 GK domain and the p-LGN peptide are
represented by magenta and blue tube models, respectively, with pSer(0) of the p-LGN peptide depicted by a blue stick model. (B) The rat PSD-95 GK domain in the apo-form
(yellow) (PDB ID: 1KJW) and in the GMP-bound form (purple) (PDB ID: 1JXM). The GMP molecule is represented by a white stick model. (C) The yeast GK enzyme in the apo-
form (red) (PDB ID: 1EX6) and in the GMP-bound form (cyan) (PDB ID: 1EX7). The GMP molecule is represented by a white stick model.
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Fig. 3. Ligand-binding interfaces of the MAGUK GK domain and the GK enzyme. (A) The present human DLG1 GK domain (PDB ID: 3W9Y). The human DLG1 GK domain with
the C-terminal tail is represented by a green ribbon model, while the C-terminal tail of the symmetry-related molecule is represented by a white tube model. (B) The rat DLG1
GK domain (PDB ID: 3UAT). The rat DLG1 GK domain and the p-LGN peptide are represented by the magenta ribbon model and the white tube model, respectively. (C) The rat
PSD-95 GK domain (purple ribbon model) and GMP (white stick model) (PDB ID: 1JXM). (D) The yeast GK enzyme (cyan ribbon model) and GMP (white stick model) (PDB ID:

1EX7). Hydrogen bonds are indicated with yellow dashed lines.

The reason why the GK domain can bind the two peptides in
opposite directions is because the side chains of these peptides
bind in similar manners to the GK domain. First, Glu924, which
mimics the charge of the pSer residue, is in a similar position to
that occupied by pSer(0) of the p-LGN peptide [13] (Fig. 3A and
B). Glu924 forms direct hydrogen bonds with the side chains of
Arg770, Tyr782, and Tyr811, as well as a water-mediated hydro-
gen bond with Arg773 (Fig. 3A). In the rat DLG1'p-LGN peptide
complex, pSer(0) of the p-LGN peptide forms direct hydrogen
bonds with the side chains of Arg755, Arg758, Tyr767, and
Tyr796, corresponding to Arg770, Arg773, Tyr782, and Tyr811
of human DLG1 [13] (Fig. 3B). Since the distance between the
side chains of Glu924 and Arg773 in human DLG1 is much long-
er than that between the pSer(0) and Arg758 in the rat DLG1p-
LGN peptide complex, the stable water that mediates the hydro-
gen bonding interaction between the side chains of Glu924 and
Arg773 in human DLG1 may be important for reinforcing the
complex. Second, Trp919 and Pro921 occupy similar positions
to those of Met(+1) and Leu(+4), respectively, of the p-LGN pep-
tide complex [13] (Fig. 3A and B). The side chains of Trp919 and
Pro921 form hydrophobic interactions in similar manners to
Met(+1) and Leu(+4) in the p-LGN complex (Fig. 3A and B).
Third, Lys923 occupies a comparable position to Arg(—2) in the
p-LGN complex [13] (Fig. 3A and B). Lys923 and Arg(—2) form
hydrogen bonds with the main-chain carbonyl group of Asp
(Asp781 and Asp766, respectively) in the pSer-binding loop
(Fig. 3A and B).

In addition to the side chains, the main chain of the DLG1 C-ter-
minal tail forms three water-mediated hydrogen bonds with the
binding site (the main-chain carbonyl group of Glu924 and the side
chain of Tyr806; the main-chain amide group of Trp919 and the
main-chain carbonyl group of GIn805; and the main-chain car-
bonyl group of Trp919 and the main-chain carbonyl group of
GIn805) (Fig. 3A). In contrast, the main chain of the p-LGN peptide

forms four direct hydrogen bonds (the main-chain carbonyl group
of Glu(+5) and the main-chain amide of GIn790, the main-chain
amide group of Glu(+5) and the main-chain carbonyl group of
GIn790, the main-chain amide group of Met(+7) and the main-
chain carbonyl group of Ala788, and the main-chain carbonyl
group of Thr(+11) and the side chain of His783) and one water-
mediated hydrogen bond (the main-chain carbonyl group of
Met(+7) and the main-chain amide group of Ala788) with DLG1
[13] (Fig. 3B). The lack of direct hydrogen bonds between the main
chain of the DLG1 C-terminal tail and DLG1 allows the C-terminal
tail to be bound in the opposite direction to the p-LGN peptide.

The side chains of Asp629 in human PSD-95 and Glu69 in the
yeast GK enzyme form hydrogen bonds with the 2-amino group
of GMP in the GMP complex structures (Fig. 3C and D) [22,23].
The corresponding residues of human DLG1 are Asp831 and
Glu802, respectively, and their side chains hydrogen bond with
those of Tyr919 and Lys925, respectively, in the C-terminal tail
(Fig. 3A, C and D). These interactions are not seen in the p-LGN
peptide complex. Hence, these additional interactions seem to be
necessary to bind the C-terminal tail peptide in the direction oppo-
site to that of the p-LGN peptide.

The present structure may mimic the state in which the C-ter-
minal tail of the GK domain dissociates from the fifth B strand of
the SH3 domain. The Wiskott-Aldrich syndrome protein (WASP),
or presumably its polyproline sequence, binds to the SH3 domain
[30]. Calmodulin and protein 4.1 also bind to the HOOK region,
which is inserted between the fourth and fifth B strands of the
SH3 domain [31,32]. These proteins may prevent the C-terminal
tail from interacting with the SH3 domain, and induce the binding
of the C-terminal tail to the pSer-binding site. Similar amino-acid
sequences to that of the DLG1 C-terminal tail may have the poten-
tial to interact with the phosphorylated peptide-binding site. Our
structure provides information about possible DLG1-binding mo-
tifs and their binding modes.
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