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ABSTRACT: PDZKI1 (also known as CAP70, NHERF3, or NaPi-Capl) is a scaffolding protein composed
of four PDZ (Post-Synaptic Density-95, Discs Large, Zonula Occludens-1) domains followed by a short
carboxyl-terminal tail. This scaffold acts as a mediator of localization and expression levels of multiple
receptors in the kidney, liver, and endothelium. Here, we characterize the self-association properties of
the protein. PDZK1 can undergo modest homodimerization in vivo and in vitro through self-association
involving its third PDZ domain. In addition, the tail of PDZK1 interacts in an intramolecular fashion with
the first PDZ domain, but this interaction does not contribute to dimer formation. The interaction between
the tail of PDZK1 and its first PDZ domain induces the protein to adopt a more compact conformation.
A head-to-tail association has also been reported for EBPSO/NHERF]1, a two-PDZ domain member of the
same scaffolding protein family as PDZK1, and shown to regulate binding of target proteins to the EBP50
PDZ domains. As opposed to EBP50, the association of PDZK1 with specific ligands for its PDZ domains
is unaffected by the intramolecular association, establishing a different mode of interaction among these
two members of the same scaffolding family. However, the tail of PDZK1 interacts with the PDZ domains
of EBP50, and this interaction is negatively regulated by the intramolecular association of PDZK1. Thus,
we have uncovered a regulated association between the two PDZ-containing scaffolding molecules, PDZK1
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The Scaffold Protein PDZK1 Undergoes a Head-to-Tail Intramolecular Association

and EBP50.

An essential aspect of cell organization is that proteins
have to be properly localized through specific and tightly
regulated associations. One of the major contributors to
achieving this state is through scaffold proteins, which are
modular molecules often made up of multiple protein—protein
interaction domains that serve to precisely link other
molecules together to regulate their functions. Among the
most common protein—protein interaction modules in scaf-
fold proteins is the PDZ' (Post-Synaptic Density-95, Discs
Large, Zonula Occludens-1) domain. These domains are
primarily known for their ability to interact with carboxyl-
terminal tails of target proteins, although some internal
binding motifs have also been found (/—3). By interacting
with the tails of proteins, PDZ-containing molecules can
mediate the localization of their binding partners to specific
subcellular destinations (2). Further, scaffold proteins are
themselves regulated in various ways, such as by phospho-
rylation, degradation, or targeting to specific locations. In
addition, PDZ motifs can undergo hetero- and homodimer-
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ization or oligomerization, which may contribute to their
functions by allowing the formation of larger, more extensive,
scaffolds (4, 5).

There is a growing awareness of regulation through
intramolecular associations, wherein a motif in a protein
interacts with another domain within that same molecule (6, 7).
Well-studied examples of regulation by intramolecular as-
sociations include the tyrosine kinase Src, the membrane-
cytoskeletal linking ezrin-radixin-moesin (ERM) proteins,
and the Arp2/3 complex activator Wiskott Aldrich syndrome
protein (WASP) (7, 8). In these and many other cases, the
intramolecular interaction maintains the protein in an auto-
inhibited state, which is relieved by some regulatory stimulus.
Intramolecular associations may be regulated by binding of
outside elements, such as binding of active Cdc42 to WASP,
or by modification via covalent linkages, such as ubiquiti-
nation, which induces an intramolecular association in the
EPS15 endocytic adaptor protein (9, 10). Phosphorylation
is also a common regulator of intramolecular associations,
where it may serve to weaken such an association, as in the
ERM proteins, or stimulate them, as in phosphorylation of
Src at tyrosine 527 (7, 11).

PDZ domain-containing proteins have also been found to
be regulated by an intramolecular association, specifically
between their own tail and one of their PDZ domains. In
the case of EBPSO/NHERF1, a scaffolding protein with two
PDZ domains and a carboxyl-terminal tail that ends in a
PDZ-binding motif, the tail interacts with the second PDZ
domain and in so doing reduces the access of target
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molecules to both PDZ domains (/2). Another example is
the X11o/Mintl scaffold protein (13).

In this study we have analyzed the in vitro properties of
PDZK1 (also called CAP70, NHERF3, or NaPi-Capl), a
scaffolding protein with four tandem PDZ domains. PDZK1
is a physiologically important molecule implicated in tissue-
specific regulation of expression and localization of membrane-
associated receptors and directly linked to maintenance of
serum cholesterol levels (/4—16). We show that PDZKI1 is
able to undergo both an intermolecular and an intramolecular
association. Furthermore, the intramolecular association
regulates the ability of its tail to interact with EBP50, thereby
regulating the association between these two scaffold proteins.

EXPERIMENTAL PROCEDURES

DNA Constructs. Xpress-tagged PDZK1 constructs were
generated by PCR amplification of human PDZK1 cDNA
(Open Biosystems) and ligation into pCDNA3.1HisC (In-
vitrogen). For GFP tagging, PDZK1 constructs were sub-
cloned into pEGFP-C1 (Clontech). Vector pGEX-6P-1 (GE
Healthcare Life Sciences) was used for expression of PDZK1
constructs as GST fusions. Mutants were generated using
the Quikchange site-directed mutagenesis kit (Stratagene).
PDZ-GEF1 and OCTN1 cDNAs were purchased from Open
Biosystems, and the tails were subcloned into pGEX-6P-1
for expression as GST fusions. The construct expressing the
GST-tagged tail of rabbit NHE3 was a gift from P. S.
Aronson (Yale University School of Medicine, New Haven,
CT) (I7). The GST-tagged EBP50 PDZ domains and
pcDNA3.1 His/Xpress-EBP50 construct were as previously
described (18, 19).

Antibodies and Materials. Omni-probe monoclonal and
polyclonal antibodies were purchased from Santa Cruz
Biotechnology. Protein A Sepharose, glutathione agarose, and
ExtrAvidin HRP were purchased from Sigma. Glutaralde-
hyde was obtained from Electron Microscopy Sciences.
Monoclonal antibodies versus E-cadherin and PDZK1 were
purchased from BD Transduction Laboratories. Goat anti-
mouse IRDye 800CW infrared-labeled secondary antibody
was purchased from LI-COR Biosciences. Polyclonal anti-
body against green fluorescent protein was generated in
rabbits by A. Hanono using standard protocols. The poly-
clonal antibody versus EBP50 was as previously described
(20).

Cell Culture and Transfections. JEG3 cells were obtained
from the American type Culture Collection and maintained
in a 5% CO, humidified atmosphere at 37 °C in MEM
(Invitrogen) with glutamine, penicillin, streptomycin, and
10% fetal bovine serum. Transfections were performed with
polyethylenimine (PEI) as described previously (/8).

Binding Assays and Electrophoresis. Biotin-labeled PDZK1
constructs were synthesized by in vitro transcription/transla-
tion in rabbit reticulocyte lysate using the TNT coupled
reticulocyte kit and Transcend tRNA (Promega). GST fusion
proteins were prepared according to standard protocols.
Cleavage of GST from fusions was performed by an
overnight incubation of the fusions with the 3C protease at
4 °C in cleavage buffer [SO mM HEPES (pH 7.0), 1| mM
EDTA, 150 mM NaCl, and 1 mM dithiothreitol].

For cross-linking experiments, soluble proteins were
incubated in 0.1% glutaraldehyde for 5 min at room tem-
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perature and then quenched with 100 mM Tris (pH 7.4) for
10 minutes, boiled in SDS sample buffer, and analyzed by
SDS—PAGE and Coomassie staining using 4 to 15% precast
gels (Bio-Rad). Controls were treated identically, but with
the addition of phosphate-buffered saline as a vehicle control
without glutaraldehyde.

To perform in vitro binding studies, biotin-labeled proteins
prepared by in vitro transcription/translation reactions were
incubated with GST fusions for 2 h in binding buffer [20
mM Tris (pH 7.4), 100 mM NaCl, 0.1% Triton X-100, 5%
glycerol, and 0.1% [3-mercaptoethanol], then washed in the
same buffer, and boiled in SDS sample buffer. Complexes
were resolved by SDS—PAGE and analyzed by Western
blotting with ExtrAvidin HRP. Alternatively, binding assays
were also performed between GST fusion proteins bound to
glutathione agarose and soluble proteins purified from
bacteria. These experiments were performed similarly except
that binding was detected by SDS—PAGE and Coomassie
staining. In vitro binding studies with lysates were performed
by standard protocols. In short, transfected JEG3 cells were
lysed in binding buffer [20 mM Tris (pH 7.4), 100 mM NaCl,
1% Triton X-100, 5% glycerol, 0.1% f-mercaptoethanol, and
Complete Protease Inhibitor (Roche)], spun to remove
cellular debris, incubated with the GST fusion proteins for
2 h, washed in wash buffer (identical to binding buffer but
with the level of Triton X-100 adjusted to 0.1%), and boiled
in SDS sample buffer. The resulting complexes were
analyzed by Western blotting. For immunoprecipitations,
transfected JEG3 cells were lysed in immunoprecipitation
buffer [20 mM Tris (pH 7.4), 100 mM NaCl, 1% Triton
X-100, 1 mM EDTA, 5% glycerol, and Complete Protease
Inhibitor (Roche)] and centrifuged to remove cellular debris.
Supernatants were incubated with Omni-probe antibody and
Protein A Sepharose for 3 h rotating at 4 °C and washed in
immunoprecipitation buffer with the level of Triton X-100
adjusted to 0.1%, and then the immune complexes were
solubilized in SDS sample buffer and boiled. Results were
analyzed by Western blotting.

For the determination of binding constants, a limiting
amount of resin-bound probe was used to precipitate soluble
PDZK1 or PDZKIADTEM. This was performed over a
range of concentrations for the soluble PDZK1 constructs
and analyzed by Western blotting. The Western blotting was
quantified using an Odyssey Infrared Imaging system (LI-
COR Biosciences). A best-fit curve was then established for
the results and used to estimate the dissociation constants.

Native polyacrylamide gel electrophoresis was performed
as previously described (27). In short, samples were run at
4 °C on 8% polyacrylamide gels prepared without SDS and
without stacking gel layers. Samples were not boiled, and
SDS, bromophenol blue, and S-mercaptoethanol were ex-
cluded from the sample buffer. The results were analyzed
by Coomassie staining.

RESULTS

The PDZK]1 Tail Interacts Directly with PDZKI. PDZK1
is a 519-residue protein containing four PDZ domains and
ending in a sequence of residues aspartic acid, threonine,
glutamic acid, and methionine (or DTEM) that we identified
as a possible ligand for PDZ domains (Figure 1A shows all
PDZK1 constructs used in this study). As some PDZ-
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FIGURE 1: The PDZKI tail interacts directly with PDZK1. (A) PDZK1 constructs used in this study. Pie shapes are used to represent
functional PDZ domains, while circles indicate PDZ domains that are no longer functional. The wedge shape represents a carboxyl-
terminal tail containing the DTEM motif that is competent to bind PDZ domains. In the case of the PDZK1-MA mutant, the rectangle
replaces the wedge at the carboxyl terminus to illustrate that the tail is no longer able to bind PDZ domains. (B) JEG3 cells were transfected
with Xpress-tagged PDZK1 and subjected to pull-down assays with GST, GST—PDZK1—tail, or GST—PDZ—GEF1—tail. Results were
analyzed by Western blotting and indicated that the GST—PDZK1—tail protein specifically precipitates PDZK1. (C) PDZK1 expressed as
a biotin-labeled protein in an in vitro transcription/translation rabbit reticulocyte system was used in binding assays with GST,
GST—PDZK1—tail, or GST—PDZK1—tail ADTEM protein. The in vitro translated PDZK1 was found to interact directly with the PDZK1
tail, and this was dependent on the presence of PDZ binding motif DTEM on the carboxyl terminus of the GST—PDZK1—tail protein. Note
the presence of a background band at approximately 47 kDa that is not precipitated by the GST fusion proteins (denoted with an asterisk).
(D) Soluble PDZK1, purified from bacteria, was subjected to pull-down assays with the indicated fusion proteins and analyzed by Western
blotting. The results are consistent with those found in panel C.

containing proteins undergo an intramolecular interaction in PDZK]I Dimerizes in Vitro and in Vivo. The ability of
which the carboxyl-terminal tail interacts with a PDZ domain, PDZKI to interact with its own tail suggested the possibility
we therefore explored whether such an intramolecular that this association might mediate dimerization or oligo-
interaction might exist in PDZK1. Recombinant protein merization of the molecule. Purified recombinant PDZK1
consisting of GST fused to the 62 carboxyl-terminal residues was subjected to chemical cross-linking to explore if dimers
of PDZK1 (GST—PDZK1—tail) was used as an affinity resin or higher oligomeric species exist. Analysis of the cross-
to recover binding proteins from JEG3 cells that had been linked material by SDS gel electrophoresis revealed the
transfected to express Xpress-tagged PDZK1. Xpress-tagged presence of both a monomeric species and a slower migrating
PDZK1 was specifically recovered on the GST—PDZK1 —tail species that would be consistent with the formation of a
construct, but not by GST alone (Figure 1B). As a control dimer; no higher oligomeric species were detected (Figure
for specificity, the carboxyl-terminal tail of PDZ-GEF1 2A). We next explored whether the carboxyl-terminal DTEM
(amino acids 1432—1486), which ends in a strong consensus sequence is required for dimerization by subjecting recom-
PDZ binding motif [valine, serine, alanine, and valine (or binant PDZK1 lacking these carboxyl-terminal residues to
VSAV)], when fused to GST failed to precipitate PDZK1 the same cross-linking protocol. The same degree of cross-
(Figure 1B). linked species was seen, indicating that the presence of these

To determine if the observed interaction is direct, the species is independent of the DTEM sequence, and not
GST—PDZK 1 —tail fusion protein was also used to precipi- enhanced by it (Figure 2A). To determine whether PDZK1
tate PDZK1 synthesized as a biotin-labeled protein in an in might exist as dimers in cells, JEG3 cells were cotransfected
vitro transcription/translation rabbit reticulocyte system. The to express both Xpress- and GFP-tagged PDZK1, the Xpress-
GST—PDZK1—tail fusion protein precipitated PDZKI, tagged PDZK1 was immunoprecipitated, and the precipitated
indicating a direct interaction between PDZK1 and its tail material was probed for GFP—PDZK1 protein. Using this
(Figure 1C). Further, the interaction requires the four strategy, a modest amount of GFP—PDZKI1 construct co-
carboxyl-terminal amino acids (DTEM), asa GST—PDZK1 —tail immunoprecipitated with Xpress-tagged PDZK1 (Figure 2B).
construct lacking the four terminal residues (GST—PDZK1 —tail In a similar experiment, equivalent coprecipitation was found
ADTEM) failed to precipitate PDZK1 (Figure 1C). Similar when constructs deleted for the carboxyl-terminal DTEM
experiments were performed using soluble PDZK1 purified sequence were employed (Figure 2B). These co-immuno-

from bacteria with identical results (Figure 1D). precipitation experiments were performed from JEG3 cells,
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FIGURE 2: PDZK1 dimerizes in vitro and in vivo. (A) Soluble wild-type PDZK1 and PDZK1 ADTEM proteins were cross-linked with 0.1%
glutaraldehyde (or vehicle control) for 5 min then quenched with 100 mM Tris (pH 7.4). The resulting complexes were solubilized in
sample buffer and subjected to SDS—PAGE and Coomassie staining. Both wild-type PDZK1 and PDZK1 ADTEM were found to dimerize
(double arrows) to an equal extent, indicating that PDZK1 dimerization does not involve the carboxyl-terminal tail. (B) JEG3 cells were
transfected with either control DNA or Xpress, and GFP-tagged wild-type PDZK1 or PDZK1 ADTEM then subjected to Omni-probe (for
the Xpress tag) immunoprecipitations 48 h later. GFP-tagged PDZK1 variants co-immunoprecipitated with the Xpress-tagged constructs,
thus indicating that PDZK1 dimerizes in vivo, in a manner independent of the tail of PDZK1. (C) The indicated soluble PDZK1 constructs
were subjected to in vitro cross-linking assays with 0.1% glutaraldehyde as in panel A. Proteins containing the third PDZ domain were able
to dimerize (double arrows), while those constructs that lacked this domain did not associate with themselves.

as they do not contain endogenous PDZK1 that may have
confounded the results of this experiment. Our results
indicate that PDZK1 has the ability to form dimers, albeit
weakly, with the possibility that dimerization may be
enhanced in vivo in some fashion.

Since PDZK1 dimer formation does not involve the
carboxyl-terminal DTEM sequence, it may be through a
PDZ—PDZ interaction, a possibility suggested for EBP50
(5, 22). To explore this scenario, we determined the ability
of PDZKI1 truncations to homodimerize as assessed by
chemical cross-linking. A construct composed of PDZ
domains 1 and 2 (amino acids 1—226) did not dimerize,
while a molecule composed of PDZ domains 1—3 (amino
acids 1—351) was able to self-associate (Figure 2C).
Similarly, an amino-terminally truncated construct composed
of PDZ domains 3 and 4 to the end of the protein (amino
acids 227—515) was able to dimerize, while a construct
composed of just PDZ domain 4 to the end of the protein
(amino acids 352—515) was not (Figure 2C). These two
amino-terminal truncations also lacked the final four amino
acids (DTEM) to avoid any spurious binding that may be
contributed by this sequence in the context of truncation
mutants. Taken together, the results indicate that the third
PDZ domain of PDZKI1 is the sole PDZ domain required
for dimerization of the molecule. Furthermore, the specific
abilities of the constructs composed of PDZ domains 1—3
and PDZ domains 3 and 4 to homodimerize indicate that

PDZ domain 3 is likely associating with itself, or its flanking
regions, as these are the only constant regions in these two
constructs.

The Conformation of PDZK1I Is Regulated by an Intramo-
lecular Association with Its Tail. The ability of the
GST—PDZK1—tail protein to bind PDZK1 (Figure 1), which
is unrelated to the formation of dimers documented above
(Figure 2), suggests the possibility of an intramolecular
association. As an intramolecular interaction of this kind
might affect the conformation of PDZK1, we compared the
migration of PDZK1 and mutants lacking this interaction
by native gel electrophoresis, which can reveal differences
in molecular shape. Wild-type PDZK1, PDZK1 ADTEM,
and PDZK1-MA, a mutant in which an alanine was added
after the carboxyl-terminal methionine as an alternate way
to disrupt the PDZ binding motif (/9), were analyzed by
native PAGE. Although these constructs migrate identically
on conventional denaturing SDS—PAGE, both the PDZK1
ADTEM and PDZKI1-MA mutants migrated more slowly
than the wild type on native gels (Figure 3A). Since all three
of these constructs have similar molecular weights and
isoelectric points, and more compact proteins migrate faster
in native gels, the results indicate that the intramolecular
interaction mediated by the tail induces a more compact
conformation for PDZKI.

The data suggest that in wild-type PDZKI1, the tail may
be bound to a PDZ domain in the molecule. If the tail
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FIGURE 3: The conformation of PDZKI is regulated by an
intramolecular association with its tail. (A) Soluble PDZK1 wild-
type, ADTEM, and MA fusions were expressed, purified from
bacteria, and subjected to electrophoresis under native conditions
or by standard SDS—PAGE. Both the PDZK1 ADTEM and MA
variants migrated more slowly than wild-type PDZK1 under native
conditions, a result indicative of a more open conformation adopted
by these mutants. (B) JEG3 cells were transfected with Xpress-
tagged PDZK1 or PDZK1 ADTEM and then allowed to express
the constructs for 48 h. The cells were then lysed and the lysates
subjected to binding assays with the GST—PDZK1—tail fusion
protein. Analysis of the precipitated proteins by Western blotting
showed that the PDZK1 ADTEM protein interacts with the
GST—PDZK1—tail fusion protein more efficiently than wild-type
PDZK1 does.
occupies this site, wild-type PDZK1 might be expected to
bind less efficiently to the GST—PDZK1—tail protein than
a PDZK1 ADTEM construct. Accordingly, JEG3 cells
expressing either tagged wild-type PDZK1 or PDZKI
ADTEM were lysed, and the ability of the tagged protein to
be recovered on immobilized GST—PDZK 1 —tail protein was
analyzed. The GST—PDZK1—tail fusion protein was found
to be more efficient at recovering the PDZK1 ADTEM
construct than the wild-type PDZK1 protein (Figure 3B).
Interestingly, this effect is pronounced in pull-down assays
performed from cell lysates but is not readily apparent when
the GST—PDZK 1 —tail fusion protein is used to precipitate
PDZK1 and PDZK1 ADTEM purified from bacteria (data
not shown and Figure 6D). Thus, it is likely that some
additional regulation of this conformation occurs in mam-
malian cells that is absent from the in vitro system.
Possibilities include an as yet undetermined post-translational
modification such as phosphorylation and possibly the
binding of some cytosolic factor.

The PDZK] Tail Interacts with the First PDZ Domain of
PDZKI. Our findings that the presence of the PDZKI
carboxyl-terminal DTEM sequence is necessary for the tail
to bind PDZKI1 (Figure 1C) and affects the protein’s
conformation (Figure 3A), but does not contribute to
dimerization (Figure 2A), suggested a canonical intramo-
lecular PDZ interaction. To further test this, a truncation
approach was used to determine which PDZ domain of
PDZK1 might be able to interact with the PDZKI1 tail. In
vitro binding experiments were performed between in vitro
transcription/translation reaction products of PDZK1 trunca-
tions and the GST—PDZK1—tail fusion protein. A biotin-
labeled PDZK1 protein composed of PDZ domains 1—4 was
found to be precipitated by the GST—PDZK1—tail fusion
protein, while a protein consisting of PDZ domains 2—4 was
not, suggesting that the first PDZ domain of PDZK1 might
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FIGURE 4: The PDZK1 tail interacts with the first PDZ domain of
PDZKI1. (A) The indicated constructs were expressed as biotin-
labeled proteins using a rabbit reticulocyte in vitro transcription/
translation system. A GST—PDZK1—tail fusion protein was used
to precipitate proteins, and complexes were then analyzed by
SDS—PAGE and Western blotting using streptavidin-labeled HRP
to detect biotin-labeled proteins. The results showed that the first
PDZ domain of PDZKI is required for interaction with the tail of
PDZK1. The asterisk indicates a background band in the lysates
that is not precipitated by the GST fusion protein. (B) In vitro
transcription/translation reactions were performed with the indicated
constructs, and then binding assays were performed and analyzed
as described for panel A. A functional PDZ domain 1 is required
for full-length PDZK1 to interact with the tail of PDZKI, as
mutation of the carboxylate-binding loop of PDZ domain 1 (G21A/
F22A) inhibited the association. (C)Soluble wild-type PDZK1 and
the G21A/F22A mutant were subjected to gel electrophoresis under
native conditions to test for a conformational switch. The mutant
exhibited slower migration than the wild-type protein, confirming
that the first PDZ domain was involved in an intramolecular
association with the tail to regulate the conformation of PDZK1.
Both wild-type PDZK1 and PDZK1-G21A/F22A migrated identi-
cally under standard SDS—PAGE conditions.
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FIGURE 5: Tails of NHE3 and OCTNI1 are specific binding partners
of PDZK1’s PDZ domains 1 and 2, respectively. PDZK1 or the
indicated mutants were expressed as biotin-labeled proteins using
a rabbit reticulocyte in vitro transcription/translation system and
then subjected to pull-down assays with the indicated GST
constructs. The complexes were then analyzed by SDS—PAGE and
Western blotting using streptavidin-labeled HRP to detect biotin-
labeled proteins. The G21A/F22A and G146A/F147A mutations
inhibited binding to the tails of NHE3 and OCTNI, respectively.

be the domain responsible for tail binding (Figure 4A). As
an alternate means of testing this finding, a construct with a
nonfunctional first PDZ domain was generated to test binding
to the GST—PDZK1—tail fusion protein. The mutations of
glycine 21 to alanine and phenylalanine 22 to alanine (G21A/
F22A) were introduced into the GLGF carboxylate-binding
loop of the first PDZ domain of full-length PDZK1 (23).
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pull-down assays with either the GST-tagged tail of NHE3 or OCTNI1 conjugated to glutathione agarose. The complexes were then analyzed
by SDS—PAGE and Western blotting using streptavidin-labeled HRP to detect biotin-labeled proteins. The PDZK1 constructs were each
able to efficiently interact directly with the GST fusion proteins. (B) The indicated GST fusion proteins were used to precipitate either
full-length PDZK1 or PDZK1 ADTEM from cell lysates. Similar to the in vitro results observed in panel A, both of these PDZK1 constructs
bound similarly to the resin-bound probes. (C) In a protocol similar to that used in panel A, the PDZK1-S505E mutant exhibited a marginal
loss of binding to the NHES3 tail as compared to wild-type PDZK1, but overall, the phosphomimetic mutants bound in a manner similar to
that of the wild-type protein. (D) Estimated dissociation constants for the indicated interactions as detailed in Experimental Procedures.

This mutant was unable to bind the GST—PDZKI1—tail
fusion protein, indicating that the tail binds the first PDZ
domain of PDZK1 using the same binding pocket generally
used by target proteins of PDZ domains (Figure 4B). If this
model is correct, the PDZK1-G21A/F22A mutant protein is
predicted to have a more extended conformation than wild-
type PDZKI1. Native gel electrophoresis of these proteins
shows that indeed the PDZK1-G21A/F22A mutant migrates
more slowly than wild-type PDZK1 and is therefore more
extended (Figure 4C).

The Tails of NHE3 and OCTNI Are Specific Binding
Partners of PDZK1’s PDZ Domains 1 and 2, Respectively.
We next wanted to determine if the intramolecular associa-
tion of PDZKI1 affected interactions with its PDZ domain
ligands. To do this, we sought specific binding partners of
the PDZ domains. The first PDZ domain has a distinctive
specificity with the tails of binding partners ending in the
following sequences: -STHM (NHE3), -STPM (MAP17), and
-DTEM (PDZK1 tail), indicating that its preferred binding
motifis X-T-X-M (with X representing a variable residue) (24—26).
The second PDZ domain also has a binding partner, OCTNI,
with an atypical tail, ending in an -ITAF motif (26). To test
the specificity of these interactions, in vitro binding assays
were performed between the tails of NHE3 and OCTNI1
fused to GST and either wild-type PDZK1 or full-length
constructs with mutated binding pockets in PDZ domain 1
(G21A/F22A) or 2 (G146A/F147A). The PDZK1-G21A/
F22A mutant failed to bind NHE3, and the PDZK1-G146A/
F147A mutant failed to bind OCTNI1, thus confirming that
these are the sole PDZ domain binding sites for these proteins
and establishing them as specific probes for the binding
properties of the first two PDZ domains of PDZK1 (Figure
5). It should be noted that the G21A/F22A mutant confor-
mationally opens PDZK1 (Figure 4) and could thus affect
binding to NHE3, but data to be presented below (Figure 6)
show that this is not the case. Further, NHE3 has been

previously reported to be a specific binding partner for PDZ
domain 1 (26) and shares a related tail sequence with other
PDZ domain 1 binding partners, as mentioned above.

Conversely, PDZ domains 3 and 4 share a common
binding motif (X-T-K/R-L), and we were unable to find
specific binding partners for these PDZ domains (data not
shown) (26). Therefore, the remainder of this study focuses
on regulation of binding of the first two PDZ domains. It
should also be noted that although the binding partners of
PDZ domains 3 and 4 that we tested bind without complete
specificity in vitro, this may not be the case in vivo.

The PDZKI Intramolecular Association Does Not Ap-
preciably Affect Binding to PDZ Domain 1 or 2. The tail of
PDZK1 interacts with the first PDZ domain in an intramo-
lecular association, regulating the conformation of the
molecule. Other molecules that undergo an intramolecular
interaction, such as the ezrin-radixin-moesin proteins, have
been proven to exhibit altered binding to target proteins on
the basis of conformation (8, 27, 28). This suggests a similar
possibility for PDZK1. Accordingly, we tested the ability
of PDZK1, PDZK1 ADTEM, or a construct consisting of
just PDZ domains 1—4 and lacking the entire tail to interact
with the tails of NHE3 and OCTNI1. The interactions were
tested using pull-down assays of the soluble PDZKI1
constructs generated in rabbit reticulocyte, and each inter-
acted equivalently with tails of OCTN1 and NHE3 fused to
GST (Figure 6A). As the tail of PDZK1 is able to precipitate
the PDZK1 ADTEM variant more efficiently than wild-type
PDZK1 from cell lysates (Figure 3B), pull-down assays using
the tails of NHE3 and OCTN1 fused to GST were performed
from JEG3 cells transfected with either full-length PDZK1
or the PDZK1 ADTEM mutant. However, similar to the
results from rabbit reticulocyte (Figure 6A), each PDZK1
variant bound both fusions equally well (Figure 6B). It may
be that preferential binding exists between these PDZKI1
variants in vivo for some binding partners. However, for the
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FIGURE 7: PDZKI1 tail interacts with EBP50. (A) The indicated domains of PDZK1 were expressed as GST fusion proteins and used to
perform pull-down assays from JEG3 lysates. The tail of PDZK1 was able to efficiently precipitate endogenous EBP50. The lysate lane
was equivalent to 10% of the protein used per pull-down assay. (B) In a similar experiment, the carboxyl-terminal DTEM motif of the
PDZK1 tail is needed for its interaction with EBP50, with E-cadherin serving as a negative control. (C) PDZK1 was expressed as a biotin-
labeled protein in rabbit reticulocyte and subjected to pull-down assays against either GST or the GST-conjugated PDZ domains of EBP50.
Both the first and second PDZ domains of EBP50 were able to interact directly with PDZK1. (D) Soluble PDZK1, purified from bacteria,
was subjected to pull-down assays with the indicated fusion proteins and analyzed by SDS—PAGE and Coomassie staining. The results are

consistent with those found in panel C.

binding partners tested here, PDZK1’s intramolecular as-
sociation does not markedly affect ligand binding to PDZ
domain 1 or 2.

The phosphorylation of serine 509 in the tail of rat PDZK1
(equivalent to serine 505 in the human isoform used here)
is the only documented post-translational modification for
the protein. This phosphorylation is involved in regulation
of total levels of scavenger receptor 51, a PDZ domain 1
binding partner of PDZK1 (29). We therefore generated both
phosphomimetic (S505E) and nonphosphorylatable (S505A)
constructs to determine if they exhibited altered binding for
PDZ domain 1 or 2. To do this, wild-type PDZK1 and the
two phospho mutants were expressed in rabbit reticulocyte,
and pull-down assays were performed with GST—NHES3 tail
and GST—OCTNI tail constructs. The phosphomimetic
S505E mutant exhibited a very mildly reduced level of
binding to a PDZ domain 1 binding partner, but not to a
partner of PDZ domain 2 (Figure 6C). Thus, the phospho-
rylation of the PDZKI1 tail does not appear to be a major
regulator of the affinity of its PDZ domains for exogenous
ligands under the conditions tested.

To more thoroughly assess the possible role of the PDZK1
tail in regulating the molecule’s association with binding
partners, we estimated the dissociation constants for the
interactions between full-length PDZK1 and PDZK1 ADTEM
and the tails of NHE3, OCTNI1, and PDZK1. To do this, a
limiting amount of the indicated resin-bound tail (NHE3,
OCTNI, or PDZK1) was used to precipitate PDZK1 over a
wide concentration range that included saturating amounts
of the soluble proteins. Results were then quantitated using
an Odyssey Infrared Imaging System and fit to curves to
determine representative binding dissociation constants (Fig-
ure 6D). The data illustrate that there are no appreciable
differences between the ability of PDZK1 and PDZKI1
ADTEM to bind each of these probes. Furthermore, PDZK1
binds nearly equivalently to each of these proteins (Figure
6D).

The PDZKI Tail Interacts with EBP50. As PDZKI’s
intramolecular association had no significant effect on the
interactions between its PDZ domains and their ligands, we
sought to determine if it may affect binding of the PDZK1
tail to other proteins. There are no known binding partners
for this region of PDZK1. However, it has been found that
a construct consisting of PDZ domain 4 to the end of PDZK1
interacts with the PDZ domain-containing protein EBP50 in
a yeast two-hybrid screen, possibly through a PDZ—PDZ
interaction (26). An alternative possibility is that the tail of
PDZK1 can interact with the PDZ domains of EBP50. To
test this, pull-down assays with either the tail or PDZ
domains of PDZK1 fused to GST were performed from JEG3
lysates. Indeed, it was found that the tail of PDZK1 was
able to precipitate endogenous EBP50, while the PDZ
domains did not (Figure 7A). EBP50 binding to the PDZK1
tail depends on the DTEM motif (Figure 7B). To confirm
that this interaction is direct and to determine which of
EBP50’s PDZ domains is involved, pull-down assays were
performed from rabbit reticulocyte lysate expressing biotin-
labeled PDZK1. Surprisingly, it was found that the first and
second PDZ domains of EBP50 were each able to precipitate
PDZKI1 to an equal yet modest extent (Figure 7C,D).

PDZKI’s Intramolecular Interaction Regulates Its As-
sociation with EBP50. As a first step toward investigating
possible regulation of the interaction between PDZK1 and
EBP50, we tested the ability of the phospho mutants of
PDZK1 to interact with EBP50. EBP50 was synthesized in
the rabbit reticulocyte system and subjected to pull-down
assays by wild-type or phospho mutant full-length PDZK1
GST fusion proteins coupled to glutathione agarose. Each
of the PDZK1 mutants interacted equivalently with EBP50
in vitro, indicating that phosphorylation of serine 505 is
unlikely to regulate the interaction between PDZKI1 and
EBP50 (Figure 8A).

Since PDZK1 undergoes an intramolecular association
between its first PDZ domain and its tail, it seemed likely



2268 Biochemistry, Vol. 48, No. 10, 2009 LalLonde and Bretscher

A

o9}

Input

GST-PDZK1
GST-PDZK1S505E
GST-PDZK1S505A
Input (10%)

GST

GST-PDZK1
GST-PDZK1 G21AF22A
GST-PDZK1ADTEM
GST-PDZK1-tail
GST-PDZK1-tailADTEM

[
€N
]

Streptavidin HRP

EBP50

Streptavidin HRP

C D 2
& =
< < <o z E
3 [=]
g ] £ 39
o T T d - - -
I 5 5 N 5§ 8
= (O] O oo a o o
GFP
EBP50
Xpress
Omni-probe IP
E ° ° ° ° °
= o = o 1=
w w w i} w
& & & & &
N N N N N
o [a] =] o a
_ o _ a [ a o
= < T 2 < T 2 < T 2 < T g < <
s 5 85 8 B85 3 s o3 oFzoposp
o [n a O o a O [n a O o o o o a
Streptavidin
Input (10%) GST GST-EBP50PDZ 1 GST-EBP50PDZ 2 GST-OCTN1-tail
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mutants, S505E and S505A. The complexes were then analyzed by SDS—PAGE and Western blotting using streptavidin-bound HRP to
detect biotin-labeled proteins. Each of the PDZK1 fusions was able to interact equivalently with EBP50. (B) GST pull-down assays were
performed as described for panel A with the indicated constructs and analyzed via Western blotting with streptavidin-bound HRP. Note that
the amounts of GST fusions used per pull-down assay were adjusted to ensure that the same amount of PDZK1 tail was included in each.
Full-length PDZK1 was less efficient than the PDZKI tail at precipitating EBP50, indicating an intramolecular regulation of PDZK1’s
ability to bind EBP50. The absence of the DTEM motif causes loss of the interaction. (C) The indicated GST fusions were utilized to
precipitate EBP50 that had been generated in vitro. The loss of the first PDZ domain of PDZK1 increased the level of binding to EBP50.
(D) GFP—EBP50 protein was coexpressed with the indicated Xpress-tagged PDZK1 constructs in JEG3 cells followed by Omni-probe
(anti-Xpress) immunoprecipitations. Similar to in vitro results, the PDZK1 PDZ domain 2—end construct coprecipitated EBP50 more efficiently
than the wild-type PDZK1 did, while the PDZK1 construct lacking the DTEM motif did not interact with EBP50. (E) Full-length PDZK1,
PDZK1 PDZ domain 2—end protein, or noncoding control DNA was used to express biotin-labeled proteins in the rabbit reticulocyte
system. The generated proteins were then subjected to pull-down assays with the indicated GST constructs. As in previous experiments, the
truncated PDZK1 protein interacted more efficiently with the EBP50 PDZ domains than full-length PDZK1 did. A GST—OCTNI construct
was able to precipitate both PDZK1 constructs efficiently, indicating that the increased level of binding of PDZK1 PDZ domain 2—end
protein as opposed to wild-type PDZK1 is not general but instead specific to binding partners of the PDZKI1 tail.

that the ability of the tail to bind EBP50’s PDZ domains mutant, which has a defective PDZ domain 1, making the
might be influenced by the intramolecular association. Thus, tail free to bind EBP50, exhibits binding to EBP50 similar
the ability of in vitro-generated EBP50 to bind a variety of to that of wild-type PDZK1 (Figure 8B). Thus, loss of
GST-coupled PDZK1 constructs was tested (Figure 8B). The binding between the tail of PDZK1 and the carboxylate-

amount of each of the GST fusion proteins was adjusted to binding loop of PDZ domain 1 does not fully release the
normalize the amount of PDZK1 tail present per pull-down tail to bind other proteins, although PDZKI1 is in a more
assay. The tail of PDZKI1 is far more competent than the open conformation (Figure 4C). This means that other
full-length protein in precipitating EBP50 (compare lanes 3 residues in PDZK1 are also involved in limiting the acces-
and 6 of Figure 8B), suggesting that the intramolecular sibility of the PDZKI1 tail. To define the area of PDZK1
association present in the full-length PDZK1 protein weakens involved in inhibition of tail binding, mutants were made
the ability of the tail to interact with the PDZ domains of that contained amino-terminal truncations of the PDZ
EBP50. As expected, loss of the DTEM motif eliminates domains. Interestingly, removal of the first PDZ domain from

the ability of PDZK1 constructs to interact with EBP50 PDZK1 completely released the inhibition of tail binding
(Figure 8B). Curiously, however, the PDZK1-G21A/F22A (Figure 8C). Thus, there may be secondary interactions
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FIGURE 9: Potential mechanism for the formation of a macromo-
lecular complex composed of F-actin, ezrin, EBP50, and PDZK1.
The ERM protein ezrin is well-characterized for its ability to exist
in an autoinhibited state wherein its amino-terminal FERM domain
is associated with its carboxyl terminus (C-Tail) in an intramolecular
association. Upon activation by phosphorylation, this intramolecular
association is released and the carboxyl terminus is able to bind
F-actin and the FERM domain is free to associate with EBP50 (step
1). EBP50 exists in an autoinhibited state in which its tail is bound
intramolecularly to its second PDZ domain (PDZ domains are
denoted by pie shapes), thus inhibiting binding of target molecules
to both PDZs. This inhibition is released upon binding of the ezrin
FERM domain to the EBP50 tail (step 2). The PDZ domains of
EBP50 are then free to bind the tail of PDZKI1, thereby releasing
the intramolecular association between the first PDZ domain of
PDZK1 and the carboxyl-terminal tail (step 3), although the
functional consequences of the opening of PDZKI1 have yet to be
resolved. Thus, a progressive mechanism by which the opening of
one of these molecules may stabilize the opening of the next, thus
nucleating the assembly of a large, macromolecular, structural
complex, is likely to exist.

between the first PDZ domain of PDZKI1 and its tail in
addition to the traditional GLGF motif-mediated interaction.
This result was reproduced in vivo through co-immunopre-
cipitations from JEG3 cells, where the PDZK1 PDZ domain
2—end construct was more efficient than the full-length
protein at precipitating EBP50 (Figure 8D). As expected, a
PDZK1 mutant lacking the DTEM motif does not precipitate
EBP50 (Figure 8D). We then sought to determine if the
tail—PDZ domain 1 interaction that regulates the binding to
EBP50 also affects PDZ ligands for PDZK1. We therefore
assessed the ability of GST—EBP50 PDZ domain 1 protein,
GST—EBP50 PDZ domain 2 protein, and the GST—OCTN1—
tail protein, which binds the second PDZ domain of PDZK1,
to bind in vitro-synthesized full-length PDZK1 and the PDZ
domain 2—end construct. The results confirm that the PDZK1
PDZ domain 2—end construct interacts better than wild-type
PDZK1 with the PDZ domains of EBP50 [Figure 8E; note
that at this length exposure the full-length PDZK1 is not
readily apparent in the GST—EBP50 PDZ pull-down assays
but appears on a longer exposure (data not shown)].
Importantly, both of the PDZK1 constructs were efficiently
recovered by the GST—OCTN1 —tail protein, illustrating that
the regulation of binding between the PDZK1 tail and PDZ
domains of EBP50 is a phenomenon specific to the tail that
does not extend to the PDZ domains of PDZK1 (Figure 8E).

DISCUSSION

In this study, we present the first molecular characterization
of scaffolding protein PDZK1. We first show that PDZK1
is able to homodimerize in a manner that is not dependent

Biochemistry, Vol. 48, No. 10, 2009 2269

upon its carboxyl-terminal tail. Second, we show that the
tail of PDZK1 undergoes an intramolecular association with
the first PDZ domain. This interaction induces the molecule
to adopt a more compact conformation. Interestingly, we
found no evidence for head-to-tail antiparallel dimerization,
suggesting that dimers in which the tail of each molecule
associates with the first PDZ domain of the other either
cannot form or are much less stable than intramolecularly
associated monomers. We also find that the tail of PDZK1
interacts with the PDZ scaffolding protein EBP50 and that
this interaction is regulated by the presence of the first PDZ
domain of PDZKI.

The ability of the PDZK1 tail to interact with PDZ domain
1 suggests the possibility that there may be an effect on the
ability of PDZK1 to bind its various PDZ ligands. This is
especially important considering the critical role of PDZ
domain 1 in regulation of the scavenger receptor, class B
type I, in the liver (30). Such a method of regulation is seen
in EBP50, which has been shown to undergo an intramo-
lecular self-association between its tail and second PDZ
domain (/2). This interaction was found to reduce the level
of binding to both PDZ domains of EBP50, as an EBP50
ASNL (analogous to the PDZK1 ADTEM mutant) mutant
was better able to bind both PTEN and [-catenin, known
binding partners of PDZ domains 1 and 2, respectively (/2).
However, we were unable to find a similar regulation of
binding of the tails of ligands to the PDZ domains in PDZK1,
indicating that this molecule has an alternate mode of
regulation from that reported for EBP50. Among the possible
alternatives are trivial explanations, such as the possibility
that regulated binding to PDZK1 is dependent on specific
binding partners that are not represented in the tested ones.
However, it seems equally likely that our results point to an
alternative mode of regulation.

One interesting possible function for the conformational
change of PDZKI is that it may regulate the spacing of
binding proteins in relation to one another without signifi-
cantly affecting their binding affinity for PDZKI. For
example, PDZ domains of PDZK1 have been shown to bind
disparate signaling molecules, such as the Ste20-related
kinase SLK, ubiquitin-conjugating enzyme 9, the cystic
fibrosis transmembrane conductance regulator (CFTR), and
the somatostatin receptor (26, 31, 32). There may be
functional cross talk in signaling pathways, such as sumoy-
lation of receptors or activation of kinases by extracellular
ligation of receptors, that is dependent on PDZK1’s role as
a scaffold protein. For instance, the closed conformation of
PDZK1 may bring a receptor into contact with a kinase,
while the open conformation separates these molecules.
Indeed, PDZKI1 has recently been shown to be an important
component of the functional cross talk between the CFTR
and multidrug resistance protein 4 (MRP4) in the gut
epithelium (33).

By contrast, the intramolecular association of PDZK1
clearly regulates its interaction with the microvillus protein
EBP50. An interesting aspect of this finding involves the
fact that EBP50 has also been found to undergo a head-to-
tail intramolecular interaction to regulate its interaction with
its PDZ binding partners, as well as being involved with its
association with the microvillar ERM proteins (/2). Fur-
thermore, the ERM proteins were among the first molecules
found to undergo an intramolecular interaction involving their
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amino-terminal FERM (band 4.1, ezrin, radixin, moesin)
domains and their carboxyl-terminal C-ERMAD (carboxyl-
terminal ERM association domain), which regulates their
association with EBP50, the plasma membrane, and fila-
mentous actin (8, 27, 28). Together with the results presented
herein, there may be a macromolecular complex found in
microvilli consisting of PDZK1, EBP50, ezrin, and filamen-
tous actin, as well as membrane-associated proteins, such
as NHE3. The core components of this complex, PDZKI1,
EBP50, and ezrin, can each undergo intramolecular confor-
mational changes wherein they open and then interact more
strongly with one another (Figure 9). For example, one could
envision NHE3 interacting with the first PDZ domain of
PDZKI1, thus releasing its tail to interact with EBP50, leading
to a release of the EBP50 tail to interact with ezrin, which
could then stabilize the active form of ezrin allowing its
carboxyl terminus to bind filamentous actin, thereby creating
a domino effect of conformational change that nucleates the
assembly of a large structural complex. Alternatively, this
complex could be nucleated with ezrin as the upstream
component, as illustrated in Figure 9.

We have also found that PDZK1 is able to homodimerize,
although to a limited extent. It may be that the amount of
dimerization observed in vitro, or in vivo in nonstimulated
cells, is only indicative of a low, baseline level of self-
association that may be regulated in vivo by some stimulus.
As the tail of PDZK1 does not mediate this, it involves a
PDZ—PDZ interaction. Thus, it is expected that the dimeric
form of the scaffold protein may not interact with some PDZ
domain binding partners, thereby providing a functional
difference between monomeric and dimeric PDZK1 in vivo.

The work reported here shows that PDZK1 is more than
a simple scaffolding protein as it can participate in both
intramolecular and intermolecular self-association. Further,
the ability to undergo an intramolecular association regulates
its ability to directly interact with microvillar scaffold protein
EBP50. Future studies investigating the physiological role
of this protein will need to take into account these newly
discovered properties.
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