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Abstract. The interaction between tight junction proteins
occludin and zona occludens protein 1 (ZO-1) was clari-
fied. The sequence ccl within the hinge region of ZO-1,
connecting its SH3 and GuK domains, was identified as
a new association site for the occludin C-terminus, core
binding area GLRSSKRNLRKSR (mouse ZO-1606-618),
Occludin also bound to the sequence H2 within GuK,
core area HKLRKNNH (ZO-17%-76%), In occludin, the
binding core was ELSRLDKELDDYREESEEY (mouse
occludin®3-47%). Helicity of the sequences was suggested

by circular dichroism. Because basic residues in ZO-1,
acidic residues in occludin (underlined), coiled-coil helix-
forming leucine heptad motifs (bold) in occludin and,
probably, in ccl were essential, we conclude that inter-
actions were both helical and ionic. Moreover, the
GuK domain bound other GuK molecules, suggesting
oligomerization of ZO-1. Generally, the assumption is
supported that the SH3-hinge-GuK region represents a
functional and regulatory unit in ZO-1 forming a multi-
protein tight junction complex with occludin.
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Continuous tight junctions (TJs) seal endothelial and ep-
ithelial cell clefts in different organs and function as a
diffusion barrier between adjacent cells [1, 2]. These bar-
riers are relevant for organ function and can be modulated
under physiological and pathological conditions [3]. An
increasing number of proteins are being found in TJs [4],
but the exact structure and function of the multiprotein
complex is unclear. Defining how TJ proteins interact,
therefore, is a prerequisite to understanding the barrier
function at the molecular level.

Several scaffolding proteins are associated with TJs indi-
cating a network of interacting proteins. The zona occlu-
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dens proteins (ZO-1,-2,-3) belong to the membrane-asso-
ciated guanylate kinase homologue protein (MAGuK)
family. MAGuKs are composed of PDZ (PSD95/dlg/Z0O-
1), SH3 (src homology 3, consensus motive of SH3 do-
mains), GuK (guanylate kinase homologue, sequence ho-
mologue to the GuK domain in guanylate kinase) do-
mains, acidic and proline-rich regions [5]. They play a
critical role in regulating protein assembly at cell-cell
contacts [6], in tumor suppression [7], clustering of ion
channels and receptors [8], differentiation [9], regulation
of gene expression and binding to the cytoskeleton [10,
11]. Interactions between cytoplasmic and transmem-
brane proteins together with linkage to the cytoskeleton
may recruit TJ proteins and may modulate the barrier
function [12].
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Z0-1 may form a complex with ZO-2 or ZO-3 [13]. It
interacts with TJ strand proteins of the claudin family
through PDZ-1 [12, 14] and with junctional adhesion
molecules via PDZ-3 [9]. ZO-1 may associate with the
cytosolic C-terminal part of occludin [10, 15], but the
mechanism and kinetics of the association, the structure
of intracellular occludin parts, and the exact binding
sequences of each protein are unknown. The interaction
of ZO-1 with occludin and other proteins is assumed to
play a significant role in the assembly of TJ structure and
regulation of TJ function [16]. Occludin has four trans-
membrane domains with N- and C-terminal parts in
the cytoplasm and two extracellular loops. Disruption
of barrier properties is achieved through transfection of
occludin mutants without extracellular [17] or intracel-
lular [18] parts and by incubation with peptides from ex-
tracellular loops [19-21]. ZO-1 might, via its scaffold-
ing function, organize occludin at TJs and regulate its
function, since occludin remains diffusely stained at the
cell surface of fibroblasts which do not express ZO-1
[20, 22].

In preliminary studies we have observed that the GuK do-
main of ZO-1 binds directly to occludin [23]. The X-ray
structure from SH3 and GuK of synaptic MAGuK PSD-
95 shows that both domains may form a common unit [24,
25]. From this, we hypothesize that a SH3-GuK unit is
formed in ZO-1 also and that this unit, including a specific
hinge region, associates with the cytosolic C-terminal end
of occludin. The aim of the study, therefore, was to eluci-
date exact sequences and mechanisms responsible for the
interaction between ZO-1 and occludin. In comparison
with peptide epitope mapping, binding experiments were
performed by surface plasmon resonance spectroscopy
(SPR) adapted by us to study TJ proteins [23]. This is a
new, direct, real-time, and quantitative approach to find-
ing which segments of TJ proteins associate, and to what
degree. The binding areas were narrowed down to core
binding regions in both the hinge region and GuK domain
of ZO-1, and in the last third of the occludin C-terminus.
The data demonstrate that the interaction of ZO-1 and oc-
cludin is caused by differently charged helices, regulating
the protein configuration at tight junctions.

Material and methods

Bioinformatic studies

To select amino acid sequences for binding studies, pre-
dictions of potential protein-protein interaction structures
from ZO-1 and occludin were made by sequence analysis
programs (fig. 1). Secondary-structure prediction algo-
rithms used were Chou-Fassman, Garnier-Robson, and
http://www.compbio.dundee.ac.uk/~www-jpred/ (DSC,
PHD, PREDATOR, Zpred, Jnet). Predictions were ac-
cepted if at least six different subprograms came to the
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same result. The programs coilscan (GCG Program, GCG
Wisconsin package; Accelrys Inc., San Diego, Calif.), and
coils (http://www.ch.embnet.org/software/COILS_form.
html), based on the algorithm of Lupas [27], were applied
to predict potential coiled-coil helices.

Cloning of proteins and preparation of expression
constructs

If not stated otherwise, mouse sequences were cloned via
BamHI and Sall sites N-terminally fused with maltose
binding protein (MBP; vector pMAL-c2X; NEB, Schwal-
bach, Germany) or glutathione-S-transferase (GST; vec-
tor pGEX-4T-1; Amersham Bioscience, Freiburg, Ger-
many) in Escherichia coli (TOP10F’; Invitrogen, Breda,
The Netherlands). cDNA encoding sequence ZO-1601-8%
(870 bp, including the GuK domain) was produced by RT-
PCR from kidney [23]. Segments starting from ZO-1°%
were derived using the corresponding primers. Sequences
containing SH3 and GuK (ZO-1302-812/502-803/502-794) were
generated from human ZO-1 full-length cDNA in pCB6
(generous gift from A. Fanning, New Haven, Conn.). C-
terminal cytosolic fragments of occludin were prepared
from MBP-occludin?*-52! (777 bp) [23].

Overexpression and purification of proteins

The transformed cells were grown in rich medium (10 g/1
tryptone, 5 g/l yeast extract, 125 mM NaCl, 10 mM
glucose; Sigma-Aldrich, Steinheim, Germany) with
100 pg/ml ampicillin until absorbance (600 nm) of circa
0.6, and were induced by 0.3 mM isopropyl-B-D-thio-
galactopyranoside (IPTG; Sigma-Aldich; 37°C, 1.5 h).
After centrifugation (2500 g, 7 min, 4°C) and resuspen-
sion in 4 ml SP1 (20 mM Tris/HCl pH 7.8, 200 mM NaCl,
1 mM EDTA), cells were sonicated on ice 4 X 15 s. The
lysate was centrifuged (20,000 x g, 4°C, 2 min) and
filtered (0.2 pm). MBP fusion proteins were bound to an
amylose-resin column (NEB, Schwalbach, Germany),
washed with SP1 and SP2 (20 mM Tris/HCI pH 7.8,
200 mM NacCl) followed by elution with SP3 (20 mM
Tris/HCI pH 7.8, 10 mM maltose).

For GST-occludin, cells were cultivated, induced and
lysed as above except that the induction time was 2 h. The
fusion protein was bound to a GST affinity column
(Sigma-Aldrich), washed with SP1, SP2” (SP2, 1 mg/ml
RNAse, 1 mM proteinase inhibitor; Sigma-Aldrich), SP2,
eluted with SP4 (20 mM Tris/HCI pH 7.8, 2 mM glu-
tathione), and stored at —20°C.

For circular dichroism (CD) of occludin®®®-32!, MBP-oc-
cludin*®-32! was purified by amylose resin as described
above followed by gel filtration (Sephadex G25; Amer-
sham Bioscience, equilibrated with SP2). Then, 100 pg of
fusion protein was incubated with 1 pg protease factor Xa
(NEB, Beverly, Mass. 25°C, 16 h). To separate MBP
from the solution, amylose resin beads were added
(500 pg/ml). After shaking and centrifugation (2500 x g,
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Figure 1. Amino acid sequences 502—890 of mouse ZO-1 (including the SH3-hinge-GuK unit) and 264—521 of mouse occludin (com-
plete cytosolic C-terminal part), prediction of structural elements for potential protein-protein interactions, and derived sequence areas.
Predicted secondary structural elements: H, h, a-helix; C, c, coiled-coil helix; B, B-strand (upper case means strong prediction, lower case
means weaker probability). Potential binding regions defined: --cc1--, --H1--, --H2--, --cc2--, --f, ;- (B-strands adopted from SH3-hinge-
GuK unit of PSD-95 [30]) from ZO-1, and --CC-- from occludin. ==SH3==, ==GuK==, ==hingc—— --acidic-- mark domains and regions,
respectively, used throughout paper (for further explanations see Results). Acidic amino acids are given in red and basic ones in blue. De-
rived peptides: ccl = ccly;, ZO-137-93; ccl,y, ZO-1°7-925; ¢c2, ZO-1772-306; H1, ZO-172-742; H2 = H2,, ZO-17%-72; H2,,,, ZO-173%-7%; CC,
occludin®?-48,
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5 min, 20°C), MBP and occludin®®®-32! were separated as
verified by SDS-PAGE (10—15%, Coomassie staining).

SPR binding studies

These were conducted on BIAcore 2000 (sensor chip
CMS5; Biacore, Freiburg, Germany) at 25 °C. The running
buffer was 200 mM NaCl, 20 mM Tris/HCI, 50 mM
MgCl,, 10 mM maltose pH 7.8 (flow rate § pl/min). MBP
fusion proteins (see above) and model peptides (see be-
low) were immobilized (0.5—10 ng/mm?) via coupling of
primary amines according to the manufacturer’s recom-
mendations with N-hydroxysuccinimide, N-ethyl-N’(di-
methylaminopropyl)-carbodiimide, and ethanolamine
(Sigma-Aldrich). The interactions ZO-1/occludin or ZO-
1/Z0-1 were detected through mass concentration-de-
pendent changes of refractive index on the sensor chip
and expressed as response units (RU). During associa-
tion, analyte was injected for 4 min; dissociation pro-
ceeded with analyte-free running buffer for 4 min. Re-
generation was achieved by washing (300 mM Na,CO;,
200 mM NaCl). The analyte solution was checked for
non-specific binding using a non-modified reference
flow cell (activated and blocked only), and comparison
with standard protein mix [23]. Sensorgrams were ana-
lyzed by non-linear fitting (BIAevaluation software 3.1;
Biacore). Kinetic constants were determined by local
analysis of the association and dissociation phases of four
to six analyte concentrations (0.25—-2.5 pM) using differ-
ent batches of immobilized occludin. The data were fitted
to a single-site binding model (A+B—AB) which gave
fits with y? values <10. To estimate binding constants
(Kp), association and dissociation curves were used for
calculation of k, and k, respectively, by means of a Lang-
muir isotherm (1:1 binding model).

Peptide synthesis and co-precipitation

Model peptides from mouse ZO-1 including coiled-coil
or a-helical predictions (CCl;,, H2,,, H2,,, cc2; for se-
quences see fig. 1) were synthesized by multiple solid-
phase synthesis using Fmoc chemistry [28]. For epitope
mapping, ccl;, and H2,; were synthesized with an addi-
tional N-terminal linker of two B-alanines and a cysteine
to which tetramethylrhodamine-6-maleimide (Molecular
Probes Europe, Leiden, The Netherlands) was coupled.
For co-precipitation, H2,, and H2,; were biotinylated N-
terminally and immobilized on streptavidin-agarose
beads (Sigma-Aldrich). 50 pl-bead suspension equili-
brated with washing buffer (100 mM NaCl, 20 mM
Tris/HCI, pH 8) was incubated with 25 pl H2,, and H2,,
(10 mg/ml, gently stirring, 3 h, 8 °C). After washing to re-
move unbound peptides from the solution, 125 pg/ml
MBP-occludin®”®32! or GST-occludin?**-32! were incu-
bated (16 h, 8°C, gently stirring). Then, beads were cen-
trifuged and washed three times; occludin trapped by im-
mobilized peptides was eluted with SDS loading buffer
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(50 mM Tris/HCI pH 6.8, 100 mM dithiothreitol, 10%
glycerol, 2% SDS, 0.1% bromophenol blue, 95 °C), fol-
lowed by SDS-PAGE (10%) and Coomassie staining.

CD spectroscopy

CD was performed on a J-720 spectropolarimeter (Jasco,
Tokyo, Japan) with ZO-1 peptides and occludin*0¢-32!
(0.1-cm quartz cell, 185-260 nm, SP2, 25°C). Averaged
spectra of ten scans were corrected for blank and
smoothed. Molar mean residue ellipticities [(0), deg cm?
dmol™'] were calculated using molecular mass (kDa):
4.48, ccl; 3.66, H2,5; 2.76, H2,; 3.95, cc2; 14, occludin
406—521. The secondary-structure content was deter-
mined from far UV CD spectra using the software pro-
gram CDNN version 2.0c (http://bioinformatic.biochem.
uni-halle.de/CD_spec/index.html) starting with a set of
33 reference proteins. The helicity f,; of peptides was de-
termined at 222 nm by f; = (6)222 + 2340/-30300.

Epitope mapping

Epitope mapping of predicted helical sequences of ZO-1
and occludin was performed with cellulose membrane-
bound peptide arrays prepared by semi-automated spot
synthesis [29]. From ccl,,, 20 different peptides out of
Z0O-1%7-925 were synthesized on the membrane (spots
1-20, fig. 5C), varying in sequence position and length.
Z0O-17-7% containing the proposed a-helix H1 was syn-
thesized on the same membrane (spot 21, fig. 5C). From
H2,, (ZO-17%-7%) 120 peptides were synthesized on
separate membranes (membrane not shown), differing
in length and position; moreover, the epitope
LRKNNHHLF (ZO-1761-76%) was subjected to substitu-
tion analysis (all amino acids replaced by all 20 coding
amino acids, membranes not shown). Membranes were
dried at 25°C and washed for 10 min with methanol and
3 x 10 min with TBS (137 mM NacCl, 2.7 mM KClI, 50
mM Tris/HCI pH 8), blocked with 10 % blocking solution
(Sigma-Aldrich) in 50 mM Tris/HCI pH 8, 0.05 % Tween
20, 10% sucrose. After washing with T-TBS (TBS,
0.05% Tween 20) membranes were incubated (gentle stir-
ring, 4°C, 16 h) in blocking solution with 10 pg/ml GST-
occludin®*-52!, Then, membranes were washed 3 X
10 min with T-TBS and incubated for 3 h with anti-GST
monoclonal antibody (1:10,000, mouse; Sigma-Aldrich).
Membranes were washed as before and incubated for
1.5 h with anti-mouse antibody (1:10,000) labeled with
horseradish peroxidase (Sigma-Aldrich). Finally, mem-
branes were washed 3—5x 0.5—1 h in T-TBS. GST-oc-
cludin?**-32! bound to membrane via interaction with ZO-
I-peptides was quantified by enhanced chemilumines-
cence reagent (Amersham Biosciences) and Lumi
Analyst (Boehringer, Mannheim, Germany).

From the predicted coiled-coil helical region oc-
cludin®-45) N-terminal, middle, and C-terminal por-
tions (each including 29 amino acids; position analysis)
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were synthesized on membrane as described above. The
dried membrane (25°C) was washed for 2 min in
dimethylformamide, 2 X 2 min in ethanol, 3 x 10 min
with TBS, and blocked as above. After washing with
T-TBS, membrane was incubated with ccly; (ZO-137-633,
labeled with the red dye tetramethylrhodamine-6-male-
imide, 50 pM in blocking buffer) at 4°C overnight, and
washed again. The remaining red color was quantified
(LumiAnalyst), representing the amount of peptide
bound. Then, the peptide library was regenerated in 6 M
urea, 2 M thiourea, 1% SDS (50°C, 30 min). After ten
washings in water, the procedure was repeated with la-
beled H2,5 (ZO-174-772),

Results

Predicted binding regions

In bioinformatic studies of mouse ZO-1, coiled-coil he-
lices were predicted as potential interaction sites in the
hinge region (ZO-1°'1-924) between SH3 and GuK and in
the C-terminal portion of GuK (ZO-17!-7%); a-helical
predictions were found in GuK (ZO-1732-740, ZO-1747-769)
(fig. 1). The predictions agree sufficiently with structural
elements in the X-ray structure of MAGuK protein PSD-
95 [24], despite additional structural elements in the
Z0-1 hinge and differences in amino acid sequence.
Based on the homologies [24], B-strands A—F were
adopted from PSD-95. Sequences containing coiled-coil
and a-helical predictions were termed ccl (ZO-157-633),
cc2 (ZO-1772-306) "and H1 (ZO-172-742), H2 (ZO-174-772),
respectively. In mouse, occludin helical structures, inter-

A: Interaction of ZO-1 sequences
with immobilized occludin?78-521
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Z0-1 binding to occludin and ZO-1

rupted by short turns, were predicted in the second half of
the cytosolic C-terminal tail (occludin®'?-5'%). Within this
portion, a region with helical coiled-coil character (occlu-
din*?*-48%) was predicted as a potential binding site for
Z0-1. The area with 100% coiled-coil probability was
termed CC (occludin®**-%%), and contained leucine hep-
tad motifs, one of the properties of coiled-coils. Within
ccl and cc2 of ZO-1, coiled-coil patterns were recog-
nized only when the search window was shortened to 14
amino acids. This means coiled-coil properties were de-
tected for short sequence patches only. The probability of
coiled-coil prediction was >60% within ccl and >90%
within cc2, indicating, at least, a propensity for coiled-
coil conformation. ZO-1 sequences ccl with a weak
coiled-coil prediction, and H1 and H2 with an a-helix
prediction are dominated by basic amino acids; in the oc-
cludin strong coiled-coil prediction CC, acidic residues
predominate (for exact amino acid order of predictions
and defined sequences see fig. 1).

Binding segments detected in ZO-1 and occludin

Based on the bioinformatic data, parts of ZO-1 and oc-
cludin were expressed as an MBP fusion protein and
their interaction was measured by SPR. Figure 2 A shows
typical sensorgrams of selected ZO-1 fragments, differ-
ing considerably in binding elements and binding effi-
ciency under identical conditions, with immobilized oc-
cludin. ZO-15%-772 (hinge ~ GuK without cc2) exhibited
the strongest, ZO-1644-312 (GuK ~ f-strand F ~ begin of
acidic region) moderate, and ZO-1%4-73! (N-terminus of
GuK without helices) neglegible binding. Thus, the rele-
vance of the predicted interaction areas can be verified

B: Interaction of ZO-1644-812
with immobilized ZO-1644-812
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Figure 2. Representative sensorgrams of SPR showing the association and dissociation of fragments from ZO-1 with and from cytosolic
C-terminal segments of occludin (4) and ZO-1-fragments (B). (4) Strongly (hinge-GuK without cc2), moderately (complete GuK),

and weakly (GuK without H1, H2, cc2) binding ZO-1

sequences (2.5 pM each) infused onto immobilized occludin

(10 ng/mm?). For definition of H1, H2, and cc2 see the legend to figure 1. (B) Concentration-dependent interaction of a selected GuK seg-
ment from ZO-1 with the same segment immobilized (7.4 ng/mm?). RU, resonance units. Arrows mark infusion interval of the ZO-1 pro-
tein accompanied by association, followed by the dissociation interval; MBP fusion proteins were used.
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by SPR data. The opposite approach, binding of occludin
to ZO-1, was also performed. The binding constants
(Kp), e.g, for MBP-occludin®’®-?! superfused over the
immobilized sequences ccls;, H,y, and H,g of ZO-1 were
460 £ 104, 76 + 32, and 58 £ 20 nM, respectively (mean
+ SE, n = 4). For immobilized cc2 of ZO-1, no reason-
able interaction constants with occludin could be calcu-
lated.

Figure 3 A shows relative binding efficiencies of ZO-1
constructs to the immobilized cytosolic C-terminal part of
occludin. Maximum binding was found with ZO-13%-772
(hinge region containing ccl + GuK, but without cc2).
The association decreased by 17 % after N-terminal trun-
cation (ZO-1%7-72), by 45% after further truncation
(ZO-101-772) "and by 80 % after exclusion of cc1 (shorten-
ing up to the N terminus of GuK; ZO-1%44-72). Compared
to the best binding sequence, the binding was 74 % lower
after C-terminal prolongation of GukK by cc2,
PB-strand F, and the beginning of the acidic region
(Z0O-1%4-812) The N-terminal half of GuK (ZO-164-731;
without H1, H2, cc2) and the GuK domain C-terminally
prolonged by the acidic region (ZO-1644-8%) showed very
low binding (fig. 3 A). Sequences containing SH3, hinge,

A: Z0-1 sequences varied
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and GuK (e.g., ZO-1502-8121 70-1502-72) bound mo-
derately, whereas constructs with PDZ3 and SH3
(Z0O-1413-619) did not associate at all (data not shown). We
conclude that SH3 of ZO-1 is not directly involved in the
interaction. Figure 3B shows the highest binding effi-
ciency of ZO-1 when occludin was N-terminally short-
ened to that area including the predicted helical sequences
(occludin*®-321), The results indicate that, in ZO-1, the
hinge region with a predicted coiled-coil helix and parts of
the GuK domain with a-helical prediction interact with
the helical portion in occludin. To confirm structural ele-
ments identified by SPR measurements, peptides derived
from H2 of GuK were tested by an independent method.
In co-precipitation experiments, both GST- and MBP-fu-
sion proteins of occludin?*-32! were found to associate
with peptide sequences from H2 immobilized on beads.
This is demonstrated by detection of the fusion proteins in
precipitates of H2-carrying beads; no occludin was de-
tectable in the bead-free supernatant. Peptide H2,; (with
two basic amino acids more than H2,,) bound occludin
more effectively than did peptide H2,,, With H2-free
beads, occludin remained in the soluble fraction and was
not visible in precipitate (blots not shown).

PDZ —hinge— Amount of ZO-1
B&_D cel B HI H2 cc2 B, bound:to
T, [ S, 7
N_\/I>_/\Z)_<§>_‘SE}H sl occludin?7s-s2!
. : (rel. SPR signal)
Z/0-]644-890 4+2%
7(-]644-812 ——— 26+4%
Z0-1 644-772 —_——— 20+4%
ZO-1644-731 i | — 3+1%
Z(0)-1601-812 13+2%
Z0-1601-772 38+3%
Z(0-1597-812 34+9%
Z0-1597-172 83+3%
Z0-1597-731 — 14+2%
ZO-13%9812 39+7%
7Z0-1589-772 100
Z0-1589-731 ———— 15+1%
B: Occludin sequences varied
H CC H 7.0-1589-712
N —membrane; (S==wi=t bound to occludin
: ' (rel. SPR signal)
occludin?7s-52t — 60+2%
occludin?06-52% p—— 100

Figure 3. Protein binding efficacy of fragments from ZO-1 with cytosolic C-terminal segments of occludin detected by SPR: binding
amounts of ZO-1 constructs differing in length and position onto immobilized occludin (4) and adherence of ZO-1%-772 to immobilized
occludin segments varying in length (B). For abbreviations and sequence names see figure 1 and its legend. Data represent the maximum
amount of a protein bound (SPR signal intensity) registered 4 min after superfusion with 2.5 pM, normalized to the level of occludin
immobilized. For comparison of different constructs, binding values were related to the value of that sequence of a series of experiments
showing the strongest association. MBP fusion proteins were used. Data are given in % and are the mean + SE, n > 4.
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In addition, a concentration-dependent association be-
tween GuK domains of ZO-1 was demonstrated. Thus,
the infusion, e. g., of 10 pM ZO-1%44-312 onto immobilized
Z0O-1%44-812 [ed to the binding of 320 RU/4 min (fig. 3 B).
Self-association was further indicated by the finding that
greater amounts of GuK-containing constructs were
bound (e.g., 450 RU/4 min of 2.5 pM ZO-1378-52!) when
occludin’®’8-32! was immobilized than vice versa (only 100
RU/4 min of 2.5 pM occludin®’®-32! bound to ZO-164-812),

Helical properties of fragments involved in the
interaction of ZO-1 and occludin

CD experiments indicated predominantly helical sec-
ondary-structure elements of occludin**®-352! in buffer
(60% helicity). Spectra with a maximum at 195 nm and
double minima at 209 and 222 nm are characteristic for
a-helices (fig. 4 A). For spectra of peptides ccl, H2 and
cc2 of ZO-1 see figure 4B—D. ccl and cc2 were less
structured in buffer (5—8 % helicity for 222 nm), but their
helical propensity increased after addition of TFE (a he-
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lix-promoting reagent) to 14 % for cc1, 15 % for H2,,, and
60% for H2,. cc2 (ZO-172-809) revealed in buffer char-
acteristic a-helical structure (78%) improving to 94 %
under TFE. The minima at 209 and 222 nm were over-
lapped by a third minimum at 217 nm which is typical for
a fB-strand (in cc2 By, ZO-177-80) contributing to the
structure.

Contribution of peptide sequences predicted as

a - or coiled-coil helix to the interaction between
Z.0-1 and occludin

To characterize a binding motif within the identified
binding sequences, different peptides, spotted on a mem-
brane, were tested for the association of occludin and ZO-
1 segments. ccl,, fragments showed =69 % binding of
GST-occludin?-32! if at least one leucine heptad motif
plus at least five basic amino acids, near to the two N-ter-
minal leucines, were present. When ccl peptides contain-
ing either the N-terminal or the C-terminal leucine hep-
tad were compared, the latter seemed to be less relevant
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Figure 4. CD spectra of occludin®®-2! and peptides ccl, H2, cc2 from ZO-1; average of ten scans with background substracted. (4) Cy-
tosolic C-terminal occludin®®=32! (8 pM, free of MBP) shows a typical a-helical character in buffer (60% helicity). (B—D) 50 pM ccl,
H2,,, H2,, cc2 in buffer and 50 % trifluorethanol (TFE a helix-promoting agent). Helical characteristics measured in the presence of TFE:
ccl, 14%; H2, up to 60%, cc2, 94% helix propensity (for further details see Results). For peptide sequences see legend to figurel.
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for occludin binding if it did not contain enough basic
residues (fig. 5 A, spots 1-20). Compared with ccl, pep-
tide comprising the predicted a-helical region H1 from
the GuK domain exhibited 41% binding with oc-
cludin?*-32! (fig. 5B, spot 21). Note that H1 also has a
surplus of basic residues.

Comparing the amount of occludin?*-32! bound to pep-
tides from H2,, (ZO-173%-7%) differing in position and
length, one can see that the binding center was within
L7*YERSHKL7'RKNNHHL"®. However, the hydro-
phobic leucine heptad motifs were not essential for the
association. To assure >50% binding, the middle leucine
flanked by at least five basic amino acids was necessary
(fig. 6, left). Substitution analysis of L’'RKNNHHL7%®
(replacement of each amino acid by all others) revealed
that occludin binding is considerably reduced when R7¢?
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was replaced by any other amino acid except lysine. All
other amino acids of the peptide can be replaced by al-
most any other amino acid without noticeable changes in
binding, except substitution with negatively charged glu-
tamate and aspartate, which decreased the signal intens-
ity (data not shown). Peptides from the N-terminal tail of
H2,, (containing glutamate and, at the most, three or four
basic residues only) showed no association (fig. 6, right).
In occludin, sequence analysis of the strongly predicted
coiled-coil region CC (occludin®*-4%) revealed a triple
leucine heptad pattern and, shifted by three residues, an-
other hydrophobic heptad motif. CC contains 15 acidic
but only 7 basic amino acids. Almost all the acidic
residues flank hydrophobic ones and the majority of
acidic residues are localized C-terminally from the
coiled-coil region. Association measurements with N-ter-

A
Spot| Amino acid sequences out of cc1z9 (ZO-1%"*%) including predicted | Occludin
coiled coil-helix bound
12 |DRA DFWRFRG LRSSKRN LRKSRED LS 100 %
13 |DRA DFWRFRG LRSSKRN LRKSR 97+2%
1 |DRA DFWRFRG LRSSKRN LRKSRED LSAQP 93+3%
7 G LRSSKRN LRKSRED LSAQP 93+4%
6 WRFRG LRSSKRN LRKSRED LSAQP 92+6%
4 DFWRFRG LRSSKRN LRKSRED LSAQP 91+2%
18 G LRSSKRN LRKSRED LS 90+5%
5 FWRFRG LRSSKRN LRKSRED LSAQP 82+5%
3 A DEWRFRG LRSSKRN LRKSRED LSAQP 81+3%
2 RA DFWRFRG LRSSKRN LREKSRED LSAQP 79+5%
19 SSKRN LRKSRED LS 78+2%
14 |DRA DFWRFRG LRSSKRN LR 76+7%
20 G LRSSKRN LRKSR 70+9%
8 SSKRN LRKSRED LSAQP 69+3%
15 |DRA DFWRFRG LRSSK 43+6%
16 |DRA DFWRFRG LR 37+8%
17 |DRA DFWRFR 23+2%
9 N LRKSRED LSAQP 9+1%
10 KSRED LSAQP 5+2%
11 D LSAQP 2+1%
B
Peptide sequence H1 (Z0O-1"%7*) including a predicted o-helix
21 |NPDS KQGVKRM RMR 4152%
C[ 0cel ™ bound (spots) at membrane 1 23 456 78 91011 1213 1415161718 1920
with peptides - out of cclzg from hinge » MILM
- H1 out of GuK domain * -

Figure 5. Epitope mapping analysis of helix-containing peptide sequences ccl,, and H1 from ZO-1 found to associate with occludin. The
association of GST-occludin?**-52! was measured on peptide libraries with fragments out ccl,, (ZO-1°7-9%5 within the hinge region located
between SH3 and GuK) and on H1 (ZO-17*-742, sequence of the GuK domain). C-termini of the peptides were immobilized on a membrane
and bound GST-occludin protein was visualized as chemiluminescence via peroxidase-labeled anti-GST antibodies. The light signal is
shown inversely, and the darkest spot, therefore, represents the strongest binding. Chemiluminescence was expressed in % related to that
spot showing the best binding within a series of experiments. (4) GST-occludin binding to cc1,,. ccl,, includes a leucine (bold) heptad mo-
tif within which a coiled-coil helix was predicted as described in the text. ccl,, was varied in 3-amino acid steps (length and position analy-
sis). (B) GST-occludin binding to peptide H1, within which a coiled-coil helix was predicted (for predictions see fig. 1). (C) Representative
membrane with ccl and H1 peptides immobilized after incubation and visualization. Data are the mean + SE, n = 4.
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Z0-1 binding to occludin and ZO-1

Spot | Sequences out of H2,0(Z0-17°7%%) | Ocgl. [Spot [Sequences out of H2,, | Occl.
bound bound

1 [SARK LYERSHK LRKNNHH LF{72+11% 67 |SARK LYERS 4+ 2%
20 LYERSHK LRKNNHH L 67+ 7% 70 K LYERSHK L [3+1%
15 LYERSHK LRKNNHH LF[56+15% 82 K LYERSHK 1+ 1%
2 |SARK LYERSHK LRKNNHH L (52+10% 83 LYERSHK L [2+1%
36 RSHK LRKNNHH LF69+ 7% 84 YERSHK LR|2+1%
21 YERSHK LRKNNHH LF63+18% 92 |SARK LYE 1+ 1%
55 HK LRKNNHH LF|57+ 8% 95 K LYERSH 1+ 1%
19 K LYERSHK LRKNNHH 57+15% 96 LYERSHK 1+ 1%
39 RK LYERSHK LRK 57+20% | 106 |SARK LY 1+ 1%
76 HK LRKNNHH 66+20% | 107 | ARK LYE 4+ 2%
75 SHK LRKNNH 56+15% | 110 LYERSH 2+ 1%
42 YERSHK LRKNNH 53+13% | 111 YERSHK 2+ 1%

Figure 6. Epitope mapping analysis of a-helical peptide sequence H2,, (ZO-17"-7%, from the GuK domain of ZO-1) with respect to bind-
ing to GST-occludin?%4-32!, H2,, was varied in 1-amino acid steps (length and position analysis); only the strongest (left) and weakest (right)
binding sequences are shown. Membranes are not shown; mean + SE, n = 4. For predictions see figure 1 and for further conditions see

figure 5.
Spot | Peptide sequences out of coild coil-helix CC in occludin’s C-terminus (occludin439'484) ccla; H2,
bound
5 E LSRLDKE LDDYREE SEEYMAA ADEYNRL 100% 100%
6 LSRLDKE LDDYREE SEEYMAA ADEYNRL K| 73% 96%
3 LDDVNKE LSRLDKE LDDYREE SEEYMAA A 30% 58%
4 DDVNKE LSRLDKE LDDYREE SEEYMAA AD 27% 50%
1 |LQE YKSLQAE LDDVNKE LSRLDKE LDDYR 15% 17%
2 QE YKSLQOAE LDDVNKE LSRLDKE LDDYRE 15% 19%

Figure 7. Epitope mapping analysis of selected peptides from the coiled-coil helix-containing domain CC from the cytosolic C-terminal
end of occludin, association with peptides ccls; or H2,5 of ZO-1 within which helices were predicted. ccl;; (ZO-137-933, from the hinge
region located between SH3 and GuK) and H2,, (ZO-174-772, from GuK) were incubated on membranes with fragments from occludin*3?-48
including segments with coiled-coil prediction. N-terminal, middle, and C-terminal portions of occludin®*-4* were covalently bound to
the membrane (latter not shown). Bold L marks leucine heptad motifs of the predicted coiled-coil helical area. cc1y; and H2,5 were labeled
with tetramethylrhodamine. The amount of peptide molecules bound was visualized via light absorbance of the label, expressed in % of
that sequence showing maximum binding. For predictions see figure 1; for further details see figure 5.

minal, middle, and C-terminal portions of the leucine
heptad area demonstrated that, in the C-terminal half, one
leucine heptad and at least three hydrophobic residues are
essential for >70% binding of ZO-1 peptides ccl;; and
H2,,. If the strongly acidic C-terminus was absent, less
than 20% binding was registered (fig. 7).

Discussion

This work has identified molecular regions and mecha-
nisms of interaction between murine ZO-1 and occludin
significantly regulating the structure and function of TJs.
A similar gradation of binding strength for distinct ZO-1
fragments was found by independent techniques, such as
SPR and epitope mapping. Both methods reveal strong

association of cc1- and H2-containing segments from ZO-
1 with occludin. SPR with fragments both possessing and
lacking additional proteins led to comparable results.
Identical results were also obtained with MBP- and GST-
occludin in pull-down and peptide mapping assays using
immobilized peptides from ZO-1. This further supports
the applicability of SPR and epitope mapping to studying
the occludin-ZO-1 interaction. A considerable influence
of MBP, applied in SPR studies, is excluded as MBP alone
associates neither with itself nor with ZO-1 or occludin
[23]. On the other hand, steric hindrance by the large size
of MBP or GST could limit the accessibility of smaller
fused constructs. However, hindrance should be dimin-
ished by the spacer of 15—20 amino acids introduced be-
tween the peptide and MBP. For GST, caution is needed as
GST fusion proteins can oligomerize [30]. GST, therefore,
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has not been used in SPR but mainly in mapping studies,
as a marker for the C-terminal 258-amino acid protein of
occludin. Interacting concentrations and binding con-
stants of ZO-1 and occludin were found to be in the sub-
micromolar range, pointing to a strong and reversible in-
teraction. Such interactions are expected to be of regula-
tory relevance and might allow occludin to modulate
Z0-1 to constitute the protein complex of TJ.

Earlier, an association of the cytosolic C-terminal tail of
occludin and the GuK domain of ZO-1 was indicated [10,
15]. This and our bioinformatic studies led us to a helical
interaction hypothesis [23]. As potentially interacting do-
mains in ZO-1, we considered sequences possibly form-
ing coiled-coil helices ccl and cc2, and a-helices H1 and
H2. The binding areas are found not only in the GuK do-
main of ZO-1 as proposed earlier [10] but, interestingly,
also within the hinge region (ccl) connecting the SH3
and GuK domain. In occludin, a- and coiled-coil helices
are predicted within the last 109 C-terminal amino acids.
A construct comprising this region (occludin®®®-32") does
indeed show better binding in SPR studies than longer
ones (e.g., occludin®’®-32"). The association is probably
due to the highly acidic sequence 439—485 representing
the strongest coiled-coil prediction in occludin. In con-
trast, the C-terminal following helix is strongly basic
which would repulse the basic regions of the hinge-GuK
area. Human occludin*-4% corresponding to mouse oc-
cludin®?-46% with 90% homology has been proposed to
interact with ZO-1 in a peptide bait study using mem-
brane fractions from polarized T84 cell monolayers [31].
Our SPR binding studies provide evidence that the se-
quence with coiled-coil propensity ccl (in the hinge re-
gion localized between SH3 and GuK) and a-helical por-
tions H1 and H2 (within GuK) are essential for the asso-
ciation in ZO-1. The hinge region has not previously been
considered as an interaction site. In peptide studies, the
binding intensity of H2 appears stronger than that of ccl
and is lowest with H1. This agrees with the better helical
propensity of H2 than of ccl, measured as peptides by
CD, and corresponds to the number of positively charged
residues essential for optimal attraction of the negative
occludin helices. In epitope mapping of free peptides,
however, sequences can be displaced from their tertiary
structure. This might be problematic for correct folding
and could result in overestimation of hydrophobic inter-
actions. The same restriction is given for structures of
free peptides when detected by CD in the presence of
TFE. Thus, e.g., the helical nature of ccl alone is not ex-
pected in the environment of the cell cytoplasm. How-
ever, helix formation appears possible after interaction
with another helix, such as CC of occludin. Moreover,
limits of peptide studies have to be considered for oc-
cludin also. The tertiary structure of its binding domain
has not been completely solved and no crystallographi-
cally solved analogues are available. Nevertheless, the
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peptide data are supported by the SPR measurements
with recombinant proteins, showing better occludin
association when all three ZO-1 elements are present than
in the absence of single elements, e.g., of ccl.

In contrast, the GuK C-terminal helix cc2 was not con-
firmed as a binding element. The peptide cc2 (ZO-
1772-8%) includes pB-strand F, adopted from the synaptic
membrane protein PSD-95 [24], and its C-terminus over-
laps with the acidic region. cc2 reduces occludin binding
in those constructs containing ccl. The surplus of acidic
residues in cc2, in the case of isolated constructs, could
favor adherence to the basic helix ccl, thus blocking in-
teraction of ccl with acidic helix CC (occludin®®-4%),
The interference by cc2 disappears when expressed to-
gether with SH3, the hinge region and GuK. Here cc2 is
obviously separated from ccl and, hence, from the bind-
ing center. This agrees with the crystal structure of PSD-
95, another MAGuK protein. In PSD-95, SH3 and GuK
form a structural unit stabilized via interaction of
PB-strands in SH3 (B,_p), preceding (B;) and after (f;)
GukK [24, 25]. The sequential order of MAGuK domains
is highly conserved [5]. For ZO-1, therefore, we postulate
a SH3-GuK unit with a specific hinge in between, from
which, via the f-strand components, cc2 is kept away
from the occludin binding area.

Constructs of GuK prolonged by the acidic region, fol-
lowing the C-terminus of GuK (ZO-13%-%%)_ but without
SH3, show still lower binding to occludin than the com-
plete GuK domain alone. The acidic region is assumed to
have the potential to interfere with the interaction be-
tween basic GuK parts and the occludin acidic helix. The
acidic region of ZO-1 as well as the acidic CC helix of oc-
cludin contain highly conserved and, in part, potentially
phosphorylated tyrosines next to the acidic amino acids.
Tyrosine phosphorylation would strengthen the negative
charges and could sterically affect helical interaction.
These considerations are in agreement with reduced
binding of ZO-1 to occludin observed after unspecific ty-
rosine phosphorylation of occludin [32] or both proteins
[33]. However, exact phosphorylation positions still need
to be identified.

Our binding studies with peptide libraries from regions,
confirmed in protein-binding studies, with coiled-coil
and a-helical predictions suggest hydrophobic and ion-
ic interactions. For ccl, G LRSSKRN LRKSR (ZO-
1606-618) ig identified as the core binding region. It con-
tains the consensus LRxS repeating twice and LRxXxR
(x, variable; X, non-charged). The leucine heptad motif
(bold) is indicated as a potential coiled-coil helix if the al-
gorithm of Lupas [27] with a 14-amino acid recognition
window is applied. Moreover, basic amino acids (under-
lined) following the leucines are also necessary for bind-
ing. We conclude that basic arginines in consensus posi-
tions are involved in ionic association of acidic helices in
occludin and stabilize the helix-helix interaction. The
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core region in H2 is HK LRKNNH (ZO-179-76¢) also
dominated by basic residues flanking a leucine. H2
showed helical propensity in solution with TFE which
agrees with the helix found in a crystallographically
solved analogue [24]. The position of uncharged and apo-
lar amino acids in H2 is typical for a-helices [34], thus
serving as a hydrophobic anchor. But ionic binding also
plays a specific role, as supported by epitope mapping.
Fragments without the pattern HKLRKXxH do not at-
tract occludin strongly. R7¢? is especially relevant be-
cause, after substitution by non-basic or acidic amino
acids, the binding to the negatively charged occludin por-
tion is strongly reduced. ccl and H2 share a very similar
peptide pattern R/HXLRxXxR/H. In a helical conforma-
tion [34], this pattern results in hydrophobic anchors on
one phase and massive basic charges on the other phase
of the helix. In occludin, the core binding region E
LSRLDKE LDDYREE SEEY (occludin*-473) shows a
two to three leucine motif (bold) and excess of acidic
residues. The relevance of this leucine motif agrees with
our concept that the C-terminal cytosolic part of occludin
regulates its association to TJs through a coiled-coil
domain as proposed for human occludin (L*0—E%?),
The latter includes a part of the core region identified
by us, has been proven a-helical, and may interact
with other helices [31]. A suitable binding sequence in
occludin is ELxXDXXE which complements the consensus
pattern R/HXLRxXR/H in ccl and H2 of ZO-1. Thus, the
specificity of the interaction to ZO-1 is probably caused
by the acidic residues in occludin fitting perfectly to the
basic helices on ZO-1. Our data, therefore, demonstrate
that ZO-1 and occludin associate via helix-helix inter-
action stabilized by coiled-coil helices and specific ionic
links.

The concept of an SH3-GuK unit in ZO-1 connected by
the specific hinge, as suggested by our findings, is sup-
ported by yeast two-hybrid screens with several MAGuKs.
Thus, Dlg [26], CASK [35], chapsyn-110 [36], and SAP-
97 [37] show intramolecular interaction between their
SH3 and GuK. The hinge region in MAGuKs differs con-
siderably in sequence and length. In ZO-1, the occludin-
binding core of the hinge includes two adjacent serines
recognized as a phosphorylation site [38], further sup-
porting regulatory relevance. Phosphorylation would
weaken the overall positive charge of the hinge, which, in
turn, would diminish interaction with negatively charged
binding sites in occludin. Hinge regions of MAGuKs are
often the target of regulatory adaptor proteins like calmod-
ulin for SAP-102 [39] or protein 4.1 for Dlg [37]. Upon
adaptor binding, swapping of SH3 and GuK has been sug-
gested, enabling dimerization of MAGuKs in which an in-
termolecular SH3-hinge-GuK unit is formed [24]. Inter-
estingly, our experimentally identified occludin-binding
site in ZO-1, ccl, is exactly located within its hinge re-
gion. Occludin, therefore, might induce in ZO-1, espe-

Z0-1 binding to occludin and ZO-1

cially in the hinge featuring coiled-coil propensity, a con-
formational shift that facilitates interactions with the CC
domain of occludin. Taken together, we conclude that oc-
cludin is an adaptor protein for ZO-1 possibly influencing
dimerization of the latter.

For the first time, we demonstrate that a sequence of
Z0-1 including the GuK domain (ZO-1%-812) associates
with another free GuK. This is a new possibility of
MAGuK-MAGuK interaction, additional to the inter-
molecular SH3-GuK binding postulated for MAGuK
protein PSD-95 [24]. For ZO-1, it means that one of its
domains for occludin binding is able to dimerize. The
complex of ZO-1 and occludin, hence, could form a het-
erodimer or heterooligomer. On the other hand, helical
structures of occludin could compete with GuK-GuK in-
teractions (at least in terms of helix-helix association)
and, hence, would counteract oligomerization. However,
for full-length ZO-1, a GuK-GuK separating effect is op-
posed by SH3. In MAGuK-MAGuK interaction, SH3 of
one molecule is assumed to associate with GuK of an-
other molecule via f-sheet formation [24]. Potential
Z0-1 oligomerization is further supported by our finding
of higher ratios of GuK-containing constructs bound
to immobilized occludin than found vice versa.

In conclusion, the interaction mechanisms including ex-
act binding areas between ZO-1 and occludin were iden-
tified as the hinge region and GuK domain of ZO-1 and
the coiled-coil domain near the occludin C-terminus. De-
spite the fact that ZO-1 recruits the majority of TJ pro-
teins, we have demonstrated that it may oligomerize itself
which is a new possibility for the formation of the TJ
complex. The area of ZO-1 for oligomerization and for
binding of occludin is the same. Moreover, the assump-
tion is supported that the SH3 and GuK domains form,
via the hinge region, an integrated functional unit in ZO-
1. As this unit is modified by the TJ-specific protein oc-
cludin, the identified interactions are thought to be of rel-
evance for the formation of the multiprotein complex of
TJs. Thus, the regulation of the intermolecular interaction
between SH3-hinge-GuK units by occludin is thought to
be a new principle supporting the scaffolding role of
Z0-1 in the arrangement of the TJ network.
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