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Structure of the second PDZ domain from human

zonula occludens 2

Human zonula occludens 2 (ZO-2) protein is a multi-domain protein that
consists of an SH3 domain, a GK domain and three copies of a PDZ domain
with slight divergence. The three PDZ domains act as protein-recognition
modules that may mediate protein assembly and subunit localization. The
crystal structure of the second PDZ domain of ZO-2 (ZO-2 PDZ2) was
determined by molecular replacement at 1.75 A resolution, revealing a dimer in
the asymmetric unit. The dimer is stabilized by extensive symmetrical domain-
swapping of the 1 and B2 strands. Structural comparison shows that the ZO-2
PDZ2 homodimer may have a similar ligand-binding pattern to the ZO-1
PDZ2-connexin 43 complex.

1. Introduction

Zonula occludens proteins (ZO proteins) are multi-domain proteins
that belong to the membrane-associated guanylate kinase (MAGUK)
protein family (Anderson et al., 1995). It has been demonstrated that
ZO proteins serve as a platform for the recruitment or assembly of
signalling complexes in response to cell-cell adhesion (Angst ef al.,
2001; Zahraoui et al., 2000). They also act as linkers between trans-
membrane proteins and the actin-based cytoskeleton (Fanning e al.,
1998; Itoh et al., 1997; Wittchen et al., 1999). These highly conserved
ZO proteins (ZO-1, ZO-2 and ZO-3) share the same domain
organization consisting of three PDZ domains, an Src homology 3
(SH3) domain and a guanylate kinase-like (GK) domain (Haskins et
al., 1998).

The three PDZ domains of ZO proteins play a crucial role in
membrane-associated scaffolds (Bazzoni et al., 2000; Glaunsinger et
al.,2001; Hunter et al., 2005; Kausalya et al., 2004; Li et al., 2004; Penes
et al., 2005; Singh et al., 2005; Traweger et al., 2003). The PDZ domains
have been well characterized as structurally conserved modules
consisting of 80-100 amino acids (Sheng & Sala, 2001). Generally,
they are composed of a six-B-strand core flanked by two «-helices.
PDZ domains typically bind to short peptide fragments at the
carboxy-terminus of their target proteins (Doyle et al., 1996; Song-
yang et al., 1997) in a structurally conserved groove between the 52
strand and the &2 helix (Hung & Sheng, 2002). In addition, the PDZ
domains can form homo- and hetero-oligomers with other PDZ
domains (Im, Lee et al., 2003; Im, Park et al., 2003).

Interestingly, recent reports have shown that ZO-1 and ZO-2 can
form heterodimers and homodimers via the second PDZ domain
(Itoh et al., 1999; Utepbergenov et al., 2006). The second PDZ domain
of ZO-1 and ZO-2 can also interact with connexin 43, a well known
gap-junction protein (Giepmans & Moolenaar, 1998; Singh & Lampe,
2003; Singh et al., 2005). However, ZO-2 PDZ2 has a lower affinity for
the connexin 43 C-terminus compared with ZO-1 PDZ2 (Singh et al.,
2005; Chen et al., 2008). For membrane-associated scaffold proteins,
dimerization provides an opportunity to cluster the integral mem-
brane proteins and signalling proteins. Deletion experiments (Utep-
bergenov et al., 2006) have proved that the dimerization interface of
the second PDZ domain is different from the ‘B-finger’ of neuronal
nitric oxide synthase-syntrophin (Hillier et al., 1999) and is likely to
create a specific interface for the PDZ domains of Shank (Im, Lee et
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Table 1

Data-collection and structure-refinement statistics.

Values in parentheses are for the highest resolution shell.

Data collection
Space group

Unit-cell parameters (A, °)

P32
a =66.03, b = 66.03,

c=4672, a=f =90,

P1
a=3017,b=4132,
¢ =41.29, a = 80.05,

y =120 B =68.63, y=6852
Molecules per ASU 1 2
Resolution range (A) 20-2.20 20-1.75 (1.81-1.75)
Completeness (%) 97.9 (94.9) 91.5 (89.3)
Ilo(I) 10.4 (1.6) 9.3 (3.3)
Ruerget (%) 4.65 (28.11) 4.92 (14.81)
Structure refinement

Resolution (A) 20-1.75 (1.81-1.75)
Rerysi/ Rirect (%) 20.6 (33.0)/23.9 (34.0)
No. of protein atoms 1241
No. of waters 203
R.m.s.d. from ideal values

Bond lengths (A) 0.015

Bond angles (°) 1.545
Average B factor (AZ) 273
Ramachandran plot (%)

Most favoured regions (%) 93.6

Allowed regions (%) 6.4

T Ruerse = Dopit O i (hkl) — (I(RKD) /Y0 = 1,(hkl), where I(hkl) is the intensity of
the measured reflection and (/(hkl)) is the mean intensity of all symmetry-related
reflections.  § Ryt = D “Fth — \Fm‘]c\‘/z |Fopsl, Where Fope and Fy. are observed
and calculated structure factors. Ryee = Y 7 |\Fm\ — |Fc.d|c||/ZT |F,psl, where T'is a test
data set of about 10% of the total reflections that were randomly chosen and set aside
prior to refinement.

al., 2003) and GRIP1 (Im, Park et al, 2003). In order to obtain a
deeper insight into the dimerization interface of the second PDZ
domain of ZO proteins, we have solved the crystal structure of
recombinant human ZO-2 PDZ2 domain at a resolution of 1.75 A.
The crystal structure reveals that the dimerization of human ZO-2
PDZ2 domain takes place via domain-swapping. Structural compar-
ison with the ZO-1 PDZ2-ligand complex indicates that ZO-2 PDZ2
might have a similar pattern of interaction with the connexin 43
C-terminus. It also shows that structural differences may explain the
different affinity for the connexin 43 C-terminus.

2. Materials and methods
2.1. Protein purification

Z0O-2 PDZ2 domain (residues 306-385) was amplified by poly-
merase chain reaction technology using the appropriate primers and
then inserted between the Ndel site and the Xhol site of pET22b
(Novagen), which adds a C-terminal hexahistidine tag to the cloned
gene. The recombinant plasmid was transformed into Escherichia coli
BL21 (DE3) cells (Novagen) for large-scale protein production. The
cells were cultured at 310 K in LB medium containing ampicillin
(50 pg ml™") until the ODgy, reached 0.6-0.8. The cells were induced
by adding 0.1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG).
After induction, the cells were grown at 289 K for 24 h and harvested
by centrifugation at 8000g for 8 min at 281 K. The cell pellet was
suspended in lysis buffer (20 mM Tris-HCI pH 8.0 containing 500 mM
NaCl and 1 mM PMSF) and then lysed by sonication on ice. The
lysate was centrifuged at 22 600g at 277 K for 20 min twice. The
supernatant solution was dialyzed against binding buffer (20 mM
Tris-HCl pH 8.0, 500 mM NaCl) three times for 2h each. The
dialyzed solution was centrifuged at 22 600g at 277 K for 20 min and
then loaded onto a HisTrap column (GE Healthcare) equilibrated
with binding buffer (20 mM Tris—-HCI pH 8.0, 500 mM NacCl). The
column was washed with ten column volumes of binding buffer and
the column was then eluted with a linear gradient of imidazole from

20 to 175 mM using an AKTA Purifier instrument (GE Healthcare) in
ten column volumes to remove impurities from the column. Finally,
Z0-2 PDZ2 was eluted with elution buffer (20 mM Tris—-HCI pH 8.0,
500 mM NaCl and 250 mM imidazole) in two column volumes. ZO-2
PDZ2 was highly expressed as a soluble protein in E. coli strain BL21
(DE3) cells and the majority of the target protein appeared in the
eluted fraction. The fractions containing ZO-2 PDZ2 were pooled
and desalted by ultrafiltration using Ultracel Amicon YM10 (Milli-
pore). The protein was then concentrated to a final concentration of
10 mg ml™" and stored in crystallization buffer (5 mM Tris-HCI pH
8.0). The protein concentration was determined by the Bradford
method (Bio-Rad protein assay; Bradford, 1976) prior to crystal-
lization trials; the Hisg tag at the C-terminus was not removed. The
purity was checked by SDS-PAGE and estimated to be over 95%.

2.2. Crystallization and data collection

Crystallization experiments were performed at constant tempera-
ture (283 K) using the hanging-drop vapour-diffusion method. The
initial crystallization conditions were screened using Crystal Screens I
and II (Hampton Research). Equal volumes (1 pl) of protein solution
and crystallization reagent were mixed and the resulting drops were
equilibrated against 350 pl crystallization reagent in the well. Similar
procedures were used in the optimization process. Two conditions
(10% PEG 6000, 100 mM HEPES pH 7.5, 5% MPD and 12% PEG
8000, 100 mM Tris—-HCl pH 8.3) produced ZO-2 PDZ2-domain
crystals belonging to space groups P3,2 and P1, respectively. Preli-
minary diffraction data were collected using an imaging plate (MAR
Research dtb345), a rotating-anode X-ray source (Cu Ka; Rigaku
Micro007) and a crystal-to-detector distance of 220 mm. Diffraction
data were integrated and scaled using AUTOMAR (v.1.4; MAR
Research). The processing statistics for the data from the two
different crystal forms are summarized in Table 1.

2.3. Structure determination and refinement

The crystal structure of ZO-2 PDZ2 domain with space group P3,2
was determined by molecular replacement with MOLREP (Vagin &
Teplyakov, 1997) using the 13th PDZ domain of human MPDZ (PDB
code 2fne; Elkins et al., 2007) as a search model. The initial model was
input into the program Coot (Emsley & Cowtan, 2004) for manual
revision and model extension was then performed using RESOLVE
(Terwilliger, 2000). After the majority of amino acids had been
added, the model with space group P3,2 was utilized as the search
model for the crystal with space group P1 using the MOLREP
program (Vagin & Teplyakov, 1997). Model refinement involved
manual adjustment in Coot (Emsley & Cowtan, 2004) and rigid and
restrained refinement in REFMAC (Murshudov et al., 1997). The final
Ry and Ry factors were 20.6% and 23.9%, respectively. The
stereochemical quality of the final model of the P1 space-group form
was analyzed by PROCHECK (Holm & Sander, 1993) and the final
refinement statistics and geometry are listed in Table 1.

3. Results and discussion

The ZO-2 PDZ2 domain produces a homodimer consisting of two
identical molecules (molecules A and B). The secondary-structure
elements of molecule B are indicated with a prime (Fig. 1a). Both
molecules are composed of two o-helices (ol and «2) and five
B-strands (B1-B5). Comparison with the prototype PDZ domain
(Cabral et al., 1996; Fig. 1b) reveals that the structural resemblance at
the tertiary level is broken in the N-terminal 1 and 2 strands. In the
prototype PDZ fold, the B2 strand is followed by a loop which
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induces the formation of an antiparallel arrangement with the 3
strand. In the corresponding region in the ZO-2 PDZ2 domain, the
lack of a loop connecting the B2 and B3 strands leads to their
replacement by an exceptionally long 2 strand, which makes the 1
and B2 strands protrude from the core PDZ fold. This protrusion
contributes to a PDZ fold that is apparently incomplete. The
incomplete PDZ fold from one molecule interacts with the 1, 82 and

B5 strands from the other molecule. These three S-strands (residues
2-7,17-28 and 72-77) in one monomer forms 24 pairs of main-chain
hydrogen bonds and hydrophobic contacts with the NCS-related
strands in the neighbouring monomer in an antiparallel fashion
(Fig. 1¢). Hydrogen-bond interactions at the interface are shown in
Figs. 1(c), 1(d) and 1(e). The total buried area spans 37.4% of the
total monomeric surface area. [These data were obtained using the

Figure 1

(a) A ribbon diagram of the domain-swapped dimeric structure. The secondary-structure elements are numbered in order of appearance in the primary structure. One
monomer is represented in blue and the other monomer is in grey. (b) The fold of the third PDZ domain from the human DLG protein (PDB code 1pdr; Cabral et al., 1996),
defining the topology of the prototype PDZ domain. (c¢) Cartoon representation of the interaction between the 1, 82 and 85 strands of the homodimer. The residues that
interact via direct hydrogen bonds are shown in stick reprsentation. There are six hydrogen bonds between strands 81 and 85', 12 hydrogen bonds between strands A2 and 52
and six hydrogen bonds between strands 81" and 5. The hydrogen bonds are labelled in red. (d, e) The interactions in the homodimer. Only relevant side chains are shown in
this figure for clarity. The broken lines represent hydrogen bonds. (f) Superposition of the putative ligand-binding site of ZO-2 PDZ2 domain (blue and grey) and the
corresponding residues that interact with ligands in the structure of the ZO-1 PDZ domain (salmon). The ligand of ZO-1 PDZ2 is also shown (salmon).
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Protein—Protein Interaction Server (Jones & Thornton, 1996).] Size-
exclusion chromatography and analytical ultracentrifugation also
indicate that the ZO-2 PDZ2 domain is a dimer in solution (Wu et al.,
2007). This high-resolution crystal structure of ZO-2 PDZ2 has the
same topology as the previously reported NMR structure (PDB code
20sg; Wu et al., 2007). Comparison between the crystal structure and
the solution structure of ZO-2 PDZ2 was performed in order to
investigate the differences between the two structures. The results
showed that the main differences are found in the loop regions and
may arise from crystal packing.

The PDZ domains bind to the short carboxy-terminus of their
target proteins within a groove created between the 2 strand and the
o2 helix (Cabral et al., 1996; Doyle et al., 1996). The analogous groove
of ZO-2 PDZ2 is conserved in the domain-swapped homodimer. The
domain swapping is certainly not an artifact of crystallization as it
also occurs in ZO-1 PDZ2 structures (Fanning et al., 2007; Chen et al.,
2008). In fact, the structure of the ZO-1 PDZ2—connexin 43 complex
revealed that the swapped B-strands constitute an integral part of the
two grooves required for connexin 43 binding (Chen et al., 2008).
Fig. 1(f) presents the superposition of ZO-2 PDZ2 with the ZO-1
PDZ2-ligand structure. This reveals that there are two grooves
located near the dimer interface of ZO-2 PDZ2. Each groove is
framed between the B2’ strand and the o2 helix. Overall, the residues
in the grooves are conserved in the second PDZ domain of ZO-1 and
Z0-2, with the exception of Arg63, which is Lys246 in ZO-1 PDZ2.
Given the interaction between ZO-2 PDZ2 and the C-terminus of
connexin 43 (Singh et al., 2005), we were surprised to discover that
the grooves displayed good potency for binding to the C-terminus of
connexin 43. In ZO-2 PDZ2, Tyr15’, Leul7’, Leul9’ and Ile66 form a
deep hydrophobic cavity. This hydrophobic cavity might accord with
the isoleucine at position 0 of the connexin 43 C-terminus. The
binding specificity of PDZ domains is determined by the interaction
of the first residue of the o2 helix with the side chain of the —2
residue of the ligand. Similarily, the leucine residue at position —2 of
connexin 43 might contribute to the specificity by hydrophobic
interaction with Ile59, the first residue of the a2 helix. Of course,
there may be hydrogen-bonding interactions between the backbones
of ZO-2 PDZ2 and the connexin 43 C-terminus. It has been reported
that ZO-2 PDZ2 binds to the connexin 43 C-terminus with a much
weaker affinity compared with ZO-1 PDZ2 (Chen et al, 2008).
Structural superposition shows that Arg63 in ZO-2 PDZ2 (Lys246 in
ZO-1 PDZ2) and the sequence differences in the 82 strand may be
responsible for the different affinity for binding to the connexin 43
C-terminus.

In summary, the crystal structure of ZO-2 PDZ2 reveals that
domain swapping is necessary for the formation of the heterodimer of
ZO proteins. A comparison between ZO-2 PDZ2 and the ZO-1
PDZ2-ligand complex shows that the domain-swapping dimer
generates binding grooves that are distinct from the canonical
binding grooves. This domain-swapped structure and the potential
ligand-binding grooves may provide a structural basis for the poly-
merization of membrane proteins and intracellular signalling
complexes in which the ZO proteins are localized.
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