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Background: ZO-1 is a scaffolding protein implicated in the assembly of tight junctions.
Results: Structures of core PDZ-SH3-GUK, plus and minus JAM-A peptide, and isolated PDZ are presented.
Conclusion: The SH3 domain is required for JAM-A binding to PDZ3.
Significance:This is the first demonstration for the role of an adjacent domain to the binding of ligands to PDZ domains in the
MAGUK family.

Tight junctions are cell-cell contacts that regulate the para-
cellular flux of solutes and prevent pathogen entry across cell
layers. The assembly and permeability of this barrier are
dependent on the zonula occludens (ZO)membrane-associated
guanylate kinase (MAGUK) proteins ZO-1, -2, and -3. MAGUK
proteins are characterized by a core motif of protein-binding
domains that include a PDZ domain, a Src homology 3 (SH3)
domain, and a region of homology to guanylate kinase (GUK);
the structure of this core motif has never been determined for
any MAGUK. To better understand how ZO proteins organize
the assembly of protein complexes we have crystallized the
entire PDZ3-SH3-GUK core motif of ZO-1. We have also crys-
tallized this core motif in complex with the cytoplasmic tail of
the ZO-1 PDZ3 ligand, junctional adhesion molecule A
(JAM-A) to determine how the activity of different domains is
coordinated. Our study shows a new feature for PDZ class II
ligand binding that implicates the two highly conserved Phe�2

and Ser�3 residues of JAM. Our x-ray structures and NMR
experiments also show for the first time a role for adjacent
domains in the binding of ligands to PDZ domains in the
MAGUK proteins family.

Cells are compartmentalized into distinct structural and
functional domains that are linked together through signaling

pathways. The organization of individual polypeptides into
these functional moieties is often dependent upon so-called
“scaffolding molecules,” which spatially and temporally inte-
grate the activity of severalmolecules by providing a template of
modular protein-binding domains (1). The membrane-associ-
ated guanylate kinase homologs (MAGUKs)3 are one of the
most ubiquitous families of scaffolding molecule associated
with plasma membrane complexes (2). They have diverse cel-
lular functions, ranging from membrane trafficking (3) and
oncogenic signaling (4) to the assembly of synapses (5) and epi-
thelial and endothelial junctions (6). However, they are all char-
acterized by a core motif of protein-binding domains that
include a PDZ domain, an SH3 domain, and a region of homol-
ogy to guanylate kinase (GUK). These domains are often
flanked by additional conserved domains which, in conjunction
with the core motif, are important for protein function.
Although the structures of individual elements of this core
motif have been solved, including the PDZ domain (7) and the
SH3/GUK domain pair (8–10), the structure of the entire core
motif has not been elucidated.
This is a critical deficiency, because it has become increas-

ingly apparent that the functional activity of MAGUKs may be
dependent upon interaction between individual domains
within the core motif or between these domains and other
regions within the scaffold. Cooperativity within the coremotif
is perhaps not surprising given the close spatial relationships
between the individual domains. The SH3 and GUK domains
form a tight intramolecular complex (8–10), and disruption of
the intramolecular fold has deleterious effects on ligand bind-
ing and cellular function (11–13). However, there have been
several observations that suggest that cooperativity among dif-
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ferent domains ismore than amatter of interdependent protein
folding. For example, ligand binding to the GUK domain of the
neuronalMAGUKprotein PSD93, and the subcellular distribu-
tion of this protein, are promoted by ligand engagement of the
adjacent PDZ domain (14). Similarly, an intramolecular inter-
action between the N terminus of SAP97 and the core motif
regulates binding of protein ligands to the GUK domain (15) or
the SH3 domain (16). These observations suggest that the func-
tional activity of a MAGUK may be regulated by cooperative
interactions between different domains and their binding
partners.
The tight junction (TJ) is a highly organized cell-cell contact

that encircles epithelial cells and creates a barrier between these
cells to the movement of ions, macromolecules, and immune
cells. The assembly and permeability of this barrier are depend-
ent on the zonula occludens (ZO) MAGUK proteins ZO-1, -2,
and -3, although the mechanism by which this occurs is poorly
understood (17). Presumably, however, it is based on the ability
of ZO proteins to bind to many different components of tight
junctions and recruit them into a cross-linked array at the tight
junction. ZO proteins, like many MAGUKs, have three PDZ
domains at their N terminus. The first of these, PDZ1, binds to
the barrier-forming claudin transmembrane proteins. The sec-
ond, PDZ2, forms a dimerizationmotif that cross-links ZOpro-
teins into higher order hetero- and homo-oligomers (18). The
core PDZ domain, PDZ3, binds to the IgCAM cell adhesion
molecule JAM-A, which regulates permeability of TJ to ions
and immune cells but is not required for TJ assembly (for
review, seeRef. 19). The SH3domain is required for localization
of ZO proteins to the TJ, in a process that is not yet understood
(20), whereas the GUK domain binds to the transmembrane
protein occludin. Although it is not known how the activity of
these different domains is coordinated during TJ assembly, it is
known that the PSG core motif is a necessary component of
assembly and that elements within the core motif regulate the
positioning of TJ proteins within the lateral plasma membrane
(17, 20). Thus, the PSG core motif is a critical element of TJ
assembly.
ZO proteins also have other cellular roles in epithelial cells.

They bind to gap junction connexin proteins via PDZ2 and
regulate the size and gating properties of these cell-to-cell
channels. They also bind directly to adherens junction proteins,
such as ARVCF (PDZ1), AF-6/afadin (SH3) and �-catenin
(GUK) and regulate the assembly of actomyosin at the adherens
junction in polarized epithelial cells (21–23).However, ZOpro-
teins only localize to the adherens junction early in epithelial
biogenesis, prior to the formation of tight junctions, and their
localization to gap junctions is spatially distinct from tight junc-
tions. These observations imply that mechanisms exist to reg-
ulate the spatial and temporal binding of different ligands (e.g.
tight junction versus adherens junction) to ZO proteins within
the cell.
To understand better how MAGUK proteins organize the

assembly of protein complexes we have crystallized the entire
PSG core motif of the tight junctionMAGUK ZO-1.We found
that the three domains are arranged in an extended fashion,
with domain-domain interactions limited to adjacent domains.
Furthermore, to understand better how the activity of different

domains is coordinated we have examined how binding of
JAM-A to PDZ3 is influenced by the SH3 and GUK domains.
Our unexpected finding shows that JAM-A binding to PDZ3
requires residues from the adjacent SH3 domain.

EXPERIMENTAL PROCEDURES

Expression and Purification of ZO-1 Fragments—Recombi-
nant PSG (amino acids 417–803) and PDZ3 (amino acids 417–
516) proteins were expressed in Escherichia coli (BL21C41) as a
His6-tagged fusion proteins (pET14b vector; Pharmacia). Cells
were cultured at 37 °C in 2YTmedium, then induced by 0.1mM

Isopropyl�-D-1-thiogalactopyranoside at anA600 nm of 0.6, and
left to grow overnight at 22 °C. Cells were then harvested by
centrifugation at 5,000 rpm for 30 min. Pellets were resus-
pended and washed with 100mMKCl, 50mMTris-HCl, pH 7.5.
Lysis was accomplished by sonication in a buffer composed of
25mMTris-HCl, pH 7.5, 500mMNaCl, 10% glycerol, 1%Triton
X-100, and 1 mM PMSF. After centrifugation at 30,000 rpm for
1 h, the supernatant was loaded onto a 5-ml His-trap nickel-
affinity column (GE Healthcare), and the column was washed
with 300 ml of a buffer composed of 25 mM Tris-HCl, pH 7.5,
and 500mMNaCl. The bound protein was eluted with an imid-
azole gradient. Fractions containing the protein were pooled
and concentrated. The His6 tag from the PSG construct was
cleaved using tobacco etch virus protease, and the cut protein
(as well as the uncut PDZ3) was injected onto a S-200 gel filtra-
tion column (GE Healthcare) equilibrated with 25 mM Tris-
HCl, pH 7.5, 500mMNaCl, pH 7.5, and 3mMDTT (for PSG) or
25mMTris-HCl, pH 7.5, 200 mMNaCl, pH 7.5 (for PDZ3). The
purity of the protein preparations was confirmed using SDS-
PAGE and detected through Coomassie staining. PSG and
PDZ3 proteins were concentrated to �13 mg/ml and �6
mg/ml, respectively, and stored at �80 °C until used.
Peptide Synthesis—The 6- and 12-mer peptides (TSSFLVand

EGEFKQTSSFLV), named JAM-A_P6 and JAM-A_P12,
respectively, and corresponding to the cytoplasmic tail of
human JAM-A (sp_Q9Y624) were prepared by Biomatik Corp.
(Cambridge, MA). The amino acid composition and purity
(�98%) of peptides were verified by mass spectroscopy and
HPLC analysis by the manufacturer.
Crystallization—Crystals of the peptide-free PSG were

grown at 20 °C using hanging drop vapor diffusion against a
reservoir containing 1.2 M ammonium sulfate (AmSO4), 0.1 M

sodium acetate, pH 5.0, 60mM sodium fluoride (NaF). Drops of
2.0�l were set up at a 1:1 ratio of reservoir to protein solution at
a concentration of 7 mg/ml. Prior to data collection, crystals
were transferred into a solution containing 2 M AmSO4, 0.1 M

sodium acetate, pH 5.0, 60 mM NaF, and 20% glycerol for cryo-
protection. Crystals of the PSG�JAM-A complex were grown
at 20 °C using hanging drop vapor diffusion against a reservoir
containing 9.0% PEG 3350, 0.1 M sodium malonate, pH 7.0.
Drops of 2.5�l were set up at a 1:1.5 ratio of reservoir to protein
solution at a concentration of 7.0 mg/ml. Prior to data collec-
tion, crystals were soaked 2–5 min in mother liquor and step-
wise increasing concentrations of PEG 3350 from 10 to 30%
with the addition of 20% glycerol for cryoprotection. Crystals of
the PDZ3 domain were grown at 20 °C using sitting drop vapor
diffusion against a reservoir containing 25% PEG 1500, 0.1 M
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MMT (DL-malic acid, MES, and Tris, pH 5.0). Drops of 2.0 �l
were set up at a 1:1 ratio of reservoir to protein solution at a
concentration of 5mg/ml. Prior to data collection, crystals were
soaked 2–5 min in mother liquor and stepwise increasing con-
centrations of PEG 1500 from 25 to 40% for cryoprotection.
Data Collection and Processing—X-ray data were obtained

under standard cryogenic conditions at the Advanced Photon
Source using SERCAT beamline BM-22 for peptide free-PSG
and ID-22 for the PSG�JAM-A and PDZ3 proteins. Diffraction
data were indexed, scaled, andmerged using XDS andXSCALE
(24).
Structure Determination and Refinement—Ternary complex

structures were determined via molecular replacement
(PHASER) (25) using the structure of human ZO-1 SH3-GUK
module (8) (ProteinData Bank code 3LH5) as the searchmodel.
The model was used after removing all water molecules, and
each domain was positioned separately using rigid body refine-
ment followed by restrained refinement. Iterative refinements
were carried out using REFMAC (26), and simulated annealing
maps were calculated using CNS (27). Model rebuilding was
accomplished using the graphics programCOOT0.7 (28). Final
built models comprised the following residues: PSG 417–587,
629–674, and 688–803. Residue Lys629 was modeled as an ala-
nine (residues: 588–628 (U5) and 675–687were lacking unam-
biguous electron density); PSG�JAM-A 421–588, 628–684,
and 687–802 (residues: 417–420, 589–627 (U5), 685, 686, and
803 were lacking unambiguous electron density); PDZ3 420–

512 (residues: 417–419 and 513–516 were lacking unambigu-
ous electron density).
NMR Experiments—NMR experiments were performed on a

Bruker 900MHz spectrometer equippedwith a cryogenic triple
resonance probe. Experimental conditions were 10 �M protein
in 100 mM PO4, pH 7.2, in 90% 1H2O, 10% 2H2O at 25 °C in
3-mm NMR tubes. The WaterLOGSY experiments were per-
formed as described previously (29). The data were collected
with a sweep width of 14,370 Hz and a relaxation delay of 2 s.
Water was selectively saturated using a 2-ms square-shaped
pulse with a mixing time of 2 s. All data were processed by
NMRPipe (30) with referencing to the water peak at 4.773 ppm
and using a 4-Hz line-broadening window. For determination
of theKd, the data were fit using Kaleidagraph 4.04 to the equa-
tion I � Imax � Imax/(1 � L/Kd), where I is the intensity and L is
the ligand concentration.

RESULTS AND DISCUSSION

Structure Determination and Overall Fold of the Tandem
ZO-1 PDZ3-SH3-GUK Domains—The polypeptide containing
the PDZ3-SH3-GUK (residues 417–803) tandem domains of
ZO-1 crystallized in the P32 space group and the diffraction
pattern exhibited perfect twinning. The PSG structure was
solved at 2.85 Å resolution using the molecular replacement
method. The asymmetric unit (asu) contained four copies of
PSG, but only twohad strong electron density for all of the three
domains (supplemental Fig. S1). The other two molecules of

TABLE 1
Data collection and refinement statistics
Values in parentheses are for highest resolution shell.

Parameters PSG PSG�JAM-A PDZ3

Data collection
PDB ID 3TSW 3TSZ 3TSV
Space group P32 P21 P212121
Cell dimensions
a, b, c (Å) 100.6, 100.6, 182.5 50.5, 49.7, 91.8 34.5, 45.2, 59.6
�, �, � (°) 90, 90, 120 90, 101.1, 90 90, 90, 90

Resolution (Å) 87.17-2.85 (3.0-2.83) 90.1-2.5 (2.57-2.5) 36.0-1.99 (2.11-1.99)
Rmerge (%) 8.6 (97.6) 7.3 (55.3) 5.0 (61.0)
I/�I 17.1 (1.9) 15.1 (1.6) 15.1 (2.1)
Completeness (%) 97.6 (86.9) 96.1 (74.6) 97.8 (93.3)
Redundancy 5.6 (4.2) 5.4 (2.4) 3.2 (3.2)

Refinement
Resolution (Å) 87.17-2.85 90.1-2.5 36.0-1.99
No. of reflections 41,930 13,557 5,970
Rwork/Rfree (%) 21.1/29.0 23.9/30.9 26.8/31.6
No. of atoms
Protein 8,532 2,730 721
Sulfate 35
Peptide 80
Water 70 40 37

B-factors (Å2)
Protein 73.8 (A) 50.9 36.9

66.6 (B)
76.5 (C)
64.7 (D)

Sulfate 78.2
Peptide 55.7
Water 44.3 50.9 38.6

R.m.s.d.
Bonds length (Å) 0.012 0.007 0.009
Bonds angles (°) 1.565 1.058 1.146
Ramachandran plot (%)
Most favored 87.0 87.0 87.5
Additionally allowed 11.0 11.4 10.0
Generously allowed 1.3 0.6 0
Disallowed 0.6 1.0 2.5
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PSG in the asu did not show traceable density for the terminal
GUK domain. Superposition of the complete PSGmolecule on
the PDZ3-SH3 fragment revealed that there is space for the
missing GUK. However, by placing this missing GUK domain
on the basis of the modeled PSG, we noticed steric clashes with
another GUK from a symmetry-related molecule. This would
explain the disorder in the crystal and why we could not trace
this domain for two of the four PSG molecules in the asu. The
final crystallographic R-factors converged to Rwork 21.1%/Rfree
29.0% (see Table 1 for detailed data collection and refinement
statistics).
We limit the analysis of the PSG structure to one of the mol-

ecules in the asu that had defined density for all three domains
(the twomolecules with complete density for all three domains
are essentially identical, with a root mean square deviation
(r.m.s.d.) of 0.71Å over 328 C� atoms). The overall fold of the
tridomain PSGmolecule is linear. Interdomain interactions are
limited to adjacent domains, such that no interaction between
the terminal PDZ3 and GUK domains takes place (Fig. 1A).
This extended arrangement of domains was unexpected based
on electrostatic considerations. Analysis of the electrostatic

potential of the previously solved SH3-GUKdomains revealed a
high density of positive charge on one of the faces of the GUK
domain (supplemental Fig. S2). Intriguingly, the pI of PDZ3 is
4.7. Together, this suggested a possible charge-charge interac-
tion between the PDZ3 domain and the GUK domain. How-
ever, our structure of PSG shows that such an interaction does
not take place, at least not in the ligand-free state of the mole-
cule. It is still possible that ligand binding to the GUK domain
would induce a conformational change that would bring the
charge complementary surfaces of theGUKandPDZ3domains
to interact.
Interdomain Flexibility—The previous structures of the SG

domains of ZO proteins revealed flexibility between the SH3
and GUK domains (that is, the structure of each individual
domain is rather rigid, but the relative domain-domain confor-
mation is variable). To reveal any potential influence of the
PDZ3 domain on the packing and relative orientation of the
SH3 and GUK domains, we superimposed our new PSG struc-
ture on the SH3-�U5-GUK structure (SG�U5). The U5 region
is a variable surface loop sequence near the C-terminal part of
the SH3 domain. It is present in the PSG construct but did not

FIGURE 1. Crystal structure of ZO-1 PDZ3-SH3-GUK domains. A, structure of PDZ3-SH3-GUK (PSG) represented as a ribbon diagram and in a green color
gradient with PDZ3 as the darker domain. The following residues could not be modeled in the structure: 588 – 628 (U5 region), 675– 687, and the side chain of
residue Lys629 were poorly ordered and thus modeled as an alanine. B, overlay on GUK domains of PSG and SG�U5 structures. SG�U5 is represented in a blue
color gradient. C, PSG and SG�U5 structures overlaid on their SH3 domains. A black arrow indicates the GUK domain movement. The right side shows SH3
domains more specifically and especially the movement of the �B-C loop induced by the presence of helix �B from the PDZ3 domain in the structure.
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show any traceable electron density. The construct used to
solve SG�U5 lacked the residues of the U5 region. However,
our previous observations comparing SG and SG�U5 indicate
that the presence of U5 (without any U5 ligand) does not affect
the relative orientation of the SH3 and GUK domains. Hence,
the variability in the presence of the U5 region between PSG
and SG�U5 is not expected to influence the interdomain
conformation.
When atoms only from theGUKdomain are used as the base

for overlay of PSG and SG�U5 (r.m.s.d. on �-carbon positions:
0.65 Å over 150 atoms), no differences are noticed in the overall
structure of theGUKdomain (Fig. 1B). Yet, the relative position
of the SH3 domain to the GUK domain is clearly more open in
the PSG structure versus the SG�U5 structure. Because the
PDZ3 domain does not interact with the GUK domain, it is
likely that the newly observed SH3 toGUK conformation is due
to differences in crystal contacts. However, this observation
does validate our earlier interpretation that the relative SH3-
GUK conformation is variable.
Just as the GUK domain conformation is identical between

that seen in the PSG and SG�U5 structures, when the two
structures are overlaid based only on atoms from their SH3
domains (r.m.s.d. on�-carbon positions: 0.76Å over 89 atoms),
we see a nearly identical SH3 conformation (Fig. 1C). Specifi-
cally, the core of the SH3 domain composed of four �-strands
and the�-helix remains unchanged (Fig. 1C zoom). Notably, we

do notice a difference in the conformation of the loop that con-
nects strands B andC (whichwewill refer to as�B-C loop). The
difference in �B-C loop conformation is due to the presence of
the PDZ3 �B-helix. The functional importance of this change
in �B-C loop conformation is discussed below.
Overall Structure of PSG in Presence of the C-terminal

12-Mer of JAM-A—The scaffolding role of ZO-1 implies that
each of the domains binds to various ligands. One reported
function of PDZ3 is to bind the C-terminal residues of JAM-
family members (for a recent review of JAM functions see Ref.
19). The impetus for solving the structure of PSG in complex
with the C-terminal JAM-A_P12 was to ascertain whether this
interaction induces a conformational change in the ZO-1 core
motif. The structure of human ZO-1 PDZ3-SH3-GUK in com-
plex with JAM-A_P12 (PSG�JAM-A) was determined to 2.5 Å
resolution using themolecular replacement method. The com-
plex crystallized in conditions different from that used for
PSG alone, adopted the P21 space group, and contained a
single PSG molecule in the asu. We could trace the entire
length of PSG, and the electron density for the bound peptide
was clear for 8 of the 12 C-terminal residues of JAM-A_P12
(Fig. 2A). The final crystallographic R-factors converged to
Rwork 23.9%/Rfree 30.9% (see Table 1 for detailed data collection
and refinement statistics).
Just as apo-PSG, the complex of PSG�JAM-A adopts a linear

and extended conformation (Fig. 2B). To identify any confor-

FIGURE 2. Crystal structure of ZO-1 PDZ3-SH3-GUK�JAM-A domains. A, 2Fo � Fc omit map for JAM-A_P12. SH3 and PDZ3 domains represented in a ribbon
diagram. The JAM-A_P12 peptide (orange sticks) conformation is defined in unbiased electron density that was calculated before the peptide was built in (at a
contour level of 1 �). B, structure of PDZ3-SH3-GUK in the presence of human JAM-A C-terminal 12 residues (PSG�JAM-A) represented as a ribbon diagram.
PSG�JAM-A is colored in a light blue gradient with SH3 as the darker domain and PDZ3 in pale green. JAM-A peptide is represented in orange sticks. The
following residues could not be modeled in the structure: 417– 420; 589 – 627 (U5 region), 685, 686, 803,and the side chains of residues Ser421, Tyr588, Lys629,
Arg684, and Arg748 were poorly ordered and thus modeled as alanines. C, overlay on SH3 domains of PSG and PSG�JAM-A structures. A black arrow indicates
the GUK domain movement.
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mational changes induced by JAM-A_P12 binding, we overlaid
apo-PSG with the peptide-bound PSG (Fig. 2C). The structural
overlay based on atoms of either PDZ3 (r.m.s.d. on �-carbon
positions: 0.68 Å over 92 atoms) and SH3 (r.m.s.d. on �-carbon
positions: 0.89 Å over 168 atoms) showed no conformational
changes in the main chain of these domains or in their relative
orientation. However, it revealed a change in SH3/GUK orien-
tation to a more closed conformation in PSG�JAM-A com-

pared with PSG (Fig. 2C). In fact, the relative SH3/GUK orien-
tation in PSG�JAM-A is comparable with that seen in the
SG�U5 crystal structure (8).We thus conclude that this change
in orientation is more likely due to different crystal packing
induced under different crystallization conditions rather than
the presence and binding of the JAM-A peptide.
JAM-A_P12 Binding to PSG—PDZ domains can be divided

into different classes on the basis of their ligand sequences (for

FIGURE 3. JAM-A peptide binding site. A, left, PSG domains (GUK domain is not displayed) from PSG�JAM-A structure are represented as a ribbon diagram and
the JAM-A peptide as sticks. PDZ3 domain secondary structure elements are labeled as well as the carboxylate-binding loop implicated in peptide binding.
Right, the Conolly surface of PDZ3 and SH3 domains is shown. Hydrophobic areas are colored in white on the surface. B, JAM-A Val0 is held by hydrogen bonds
implicating Val433, Gly434, and Leu435 residues of the carboxylate-binding loop and hydrophobic contacts with Val484 and Leu488. C, JAM-A Phe�2 lies in the
hydrophobic pocket and is surrounded by PDZ3 �B Val484 and SH3 leucines 549 and 554. D, JAM-A Ser�3 main chain interacts with PDZ3 �B Leu437. Ser�3 side
chain interactions with both PDZ3 �B Leu437 and Phe�3 carbonyl would present Phe�3 to the hydrophobic pocket to strengthen peptide binding.
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more details, see Ref. 31). ZO-1 PDZ3 domain belongs to class
II and recognizes the motif -�-X-�-COOH (with X defining
any amino acid and� a hydrophobic amino acid, usually valine,
isoleucine, or leucine). In this study and keeping with the
nomenclature for residues binding to PDZ motifs, the JAM-
A_P12 peptide C-terminal valine residue is designatedVal0 and
subsequent residues toward the N terminus termed Leu�1,
Phe�2, Ser�3, Ser�4, Thr�5, Gln�6, Lys�7, and Phe�8.

JAM-A_P12 binds a groove on the PDZ3 surface, and the
peptide C-terminal residues penetrate a hydrophobic cavity
(Fig. 3, A and B). This binding mode is reminiscent of that
shownbefore for peptides binding PDZ class II domains (7), but
does deviate in several important aspects. Themajority of inter-
actions between the peptide and PDZ3 occur with the last four
residues of JAM-A_P12. Previous studies aiming at under-
standing howPDZdomains recognize such amotif revealed the
presence of a loop in the peptide-binding groove termed “car-
boxylate-binding loop” (for a review, see Fig. 3A and Ref. 31).
This well conserved loop usually displays the sequence motif:
R/K-X-X-X-G-L-G-F, and the peptide terminal carboxylate is
coordinated by a network of hydrogen bonds to main chain
amide groups in this loop, as well as an ordered water molecule
that is coordinated by the side chain of a conserved Lys/Arg
residue at the beginning of the loop (7, 31).
The ZO-1 PDZ3 domain (true also for the ZO-2 and ZO-3)

does not display the well conserved carboxylate-binding loop

sequence cited above (sequence is K-G-D-S-�-G-D-S, where �
is a missing residue) or the water molecule. However, keeping
with the canonical binding mode, hydrogen bonds are present
between the Val0 carboxylate and the amide nitrogens of Val433
andGly434, both located in the PDZ3 carboxylate-binding loop.
The Val0 amide nitrogen also forms a hydrogen bond with the
carbonyl of Leu435 (Fig. 3B). The consequence of these Val0
interactions with the carboxylate-binding loop is the presenta-
tion of its side chain into a hydrophobic pocket that is bounded
by Val484 and Leu488.
In PDZclass II domains, when the peptide residue in position

�1 has been shown not to be important for binding (with side
chain pointing into solution), residues at the �2 position are
invariably important for binding. In the case of JAM-A, the
residue at position �2 is a phenylalanine. The structure reveals
that Phe�2 is embedded in a continuation of the above men-
tioned hydrophobic cavity, being surrounded by Val484 from
the PDZ3 domain and leucines 549 and 554 from the SH3
domain (Fig. 3C). Notably, Phe�2 does not interact with PDZ3
�B strand as observed in same class PDZ domains (7). Even
more interesting, whereas in PDZ class II domains the main
chain of the four terminal residues of the bound peptide builds
a �-strand interaction with the PDZ domain, JAM-A_P12
interacts in a totally differentmanner. JAM-A_P12 Ser�3 amide
nitrogen interacts with PDZ3 Leu437 carbonyl and Ser�3 side
chain hydroxyl interacts with Phe�2 carbonyl backbone (Fig.

FIGURE 4. PDZ3 domain with and without JAM-A peptide. A, ribbon diagram of apo-ZO-1 PDZ3 domain. Blue spheres represent water molecules in the ligand
free structure that take place in the peptide-binding site. B, ribbon diagram of PDZ3 domain from PSG�JAM-A structure. Peptide is represented as orange sticks,
and its sequence is indicated. The lysine side chain is less ordered and was thus modeled as an alanine. The two N-terminal residues of the peptide (gray in the
sequence) were not modeled due to disorder and lack of density. C, overlay of isolated apo-PDZ3 domain and PDZ3 from PSG�JAM-A in complex with
JAM-A_P12.
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3D). Sequence alignment between mammalian JAM proteins
indicates a very high conservation of these two residues (sup-
plemental Fig. 3), suggesting a functional importance for these
residues.We suggest that the highly conserved Ser�3 is respon-
sible for positioning Phe�2 in the hydrophobic pocket, thus
exhibiting a new feature for PDZ class II ligand binding.
JAM-A_P12 and the Isolated PDZ3 Domain—A guiding goal

for this study is to identify relationships between the diverse
domains in ZO-1 and how these relationships impact the func-
tion of the individual domain. Hence, in addition to solving the
structure of the PSG complex with the JAM-A peptide, we also
sought to solve the structure of the isolated PDZ3 domain in
complex with the peptide. We solved the structure of the ZO-1
PDZ3 domain to 2.0 Å resolution using the model of this
domain as seen in our PSG structure as the search model for
molecular replacement. See Table 1 for detailed data collection
and refinement statistics.
Our crystallization setups of the PDZ3 domain included the

JAM-A carboxylic tail, either as the 6- or 12-mer peptides,
JAM-A_P6 and JAM-A_P12, respectively. Despite the presence
of the peptide, there was no electron density for the peptide at
the binding site. Instead, the peptide-binding grove was popu-
lated by several water molecules (Fig. 4A). The corresponding
view of the PDZ3 domain in complex with JAM-A_P12, as seen
in the context of PSG, is shown in Fig. 4B. To understand the
reasons for the lack of JAM-A peptide in the crystal structure of
the isolated PDZ3 domain, we overlaid the structure of the iso-
lated (and apo) PDZ3 domain on the PDZ3 domain structure as
seen in the PSG�JAM-A_P12 structure. This overlay clearly
shows no change in the secondary structure of PDZ3 in the
presence and absence of ligand (Fig. 4C).
SH3 Domain Is Required for JAM-A_P12 Binding to PDZ3—

The identical PDZ3 structure in the presence or absence of
JAM-A peptide suggested that the reason for lack of peptide
binding to the isolated PDZ3 domain is related to features only
present in the more complete ZO-1 PSG fragment. As stated
above, Phe�2 of JAM-A_P12 was observed to make hydropho-
bic interactions with leucines 549 and 554 from the SH3
domain. Additionally, Phe�8 binds near the SH3 domain. Both
of these phenylalanines are highly conserved in JAM sequences
(supplemental Fig. S3). To probe the importance of SH3 resi-
dues on peptide binding to PDZ3 and to eliminate the possibil-
ity that crystallization conditions or crystal contacts are per-
turbing the binding of JAM-A peptide to the isolated PDZ3
domain, we conducted NMR experiments that measure the
interaction between the peptide and protein in solution. Using
the WaterLOGSY technique, which identifies small molecules
that bind to proteins, we probed binding of the peptide to the
different protein constructs. In Fig. 5A the one-dimensional
NMR spectrum of P12 is presented with the side chain reso-
nances of the Phe�2 and Phe�8 boxed in gray. In the absence of
protein, nonexchangeable 1H exhibits negative signals in the
WaterLOGSY experiment (Fig. 5B). In contrast, in the presence
of PSG, the nonexchangeable 1H exhibits positive signals (Fig.
5C), indicative of P12 binding to protein. On the other hand, in
the presence of PDZ3, the WaterLOGSY experiment is similar
to that of the peptide alone (compare Fig. 5, B and D), which
indicates that JAM-A_P12 is not binding to PDZ3 under the

examined conditions. We also conducted the same Water-
LOGSY experiments using the shorter 6-mer peptide of JAM-A
(JAM-A_P6). Again, we detected binding to PSG, but not to the
isolated PDZ3 domain (supplemental Fig. S4). To probe for
affinity differences between JAM-A_P12 and JAM-A_P6, we
performed a WaterLOGSY-based titration (29). We deter-
mined the dissociation constant (Kd) for the peptide from PSG.
The Kd of JAM-A_P6 is 39 �M, compared with 35 �M for JAM-
A_P12 (supplemental Fig. S5). These nearly identical values
show that only the terminal 6 residues contribute to the inter-
action between the peptide and PSG, such that despite
sequence conservation of Phe�8, this JAM-A residue does not
appear to play a role in the binding to ZO-1.
The weak binding interaction between JAM-A and PDZ3

was not unanticipated and is well within range of binding affin-
ities observed between PDZ3 of MAGUK proteins and their
ligands (32, 33). The tight junction is a highly dynamic structure
(34, 35), and it had been demonstrated that there is a high turn-
over of ZO-1 and of its binding partners like claudin and occlu-
din in stable epithelial monolayers (35, 36). This dynamism is
likely necessary for the maintenance of the barrier during nor-
mal tissue morphogenesis or repair, which would require the
remodeling of cell-cell contacts as cells change their spatial
relationships to one another. In the gastrointestinal tract, for
example, theTJ barrier is constantlymaintained despite the fact
that the epithelial cells that line the intestine are constantly
migrating up the crypt-to-villus axis, and immune cells are

FIGURE 5. NMR characterization of JAM-A_P12 binding to PSG. A, one-
dimensional NMR spectrum of JAM-A_P12. B, WaterLOGSY of JAM-A_P12.
C, WaterLOGSY of JAM-A_P12 in the presence of PSG. D, WaterLOGSY of JAM-
A_P12 in the presence of PDZ3. Experimental conditions were 300 �M JAM-
A_P12 and � 10 �M PSG or PDZ3 in 100 mM PO4, pH 7.2, at 25 °C. Resonances
corresponding to the side chains of Phe�2 and Phe�8 are boxed in gray.
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moving back and forth across the epithelium. We hypothesize
that low affinity, but highly cooperative interactions between
ZO proteins and its ligands would promote dynamic regulation
of TJ assembly and/or disassembly.
In summary, this is the first demonstration, to our knowl-

edge, for an essential role of adjacent domains to the binding of
ligands to PDZ domains in theMAGUK family of proteins. Our
crystal structures and NMR data reveal an essential role for the
bBC loop in the SH3 domain for JAM-A C terminus binding to
the third PDZ domain of ZO-1. Concerning the role of the
JAM-A C-terminal residues, we show a critical role for Phe�2

for peptide binding that is facilitated by the conserved Ser�3.
Through interactions with the carbonyl group of Phe�2, the
hydroxyl group of this serine stabilizes the JAM-A peptide in a
binding mode different from the canonical binding mode of
type II PDZ domains. In this unique peptide binding conforma-
tion, the side chain of Phe�2 is able to interact with residues
from the adjacent SH3 domain. The dependence on the SH3
domain for JAM-A binding to ZO-1 suggests a possible com-
munication mechanism between the SH3 domain and the
PDZ3 domain. Hence, ligand binding to SH3may influence the
conformation of the �BC loop, and this in turn would influence
the affinity of PDZ3 to JAM-A. It would be intriguing to identify
those SH3 ligands that can have this modulating effect on
JAM-A binding.
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