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Abstract
A large number of cellular processes are mediated by protein-protein interactions, often specified
by particular protein binding modules. PDZ domains are an important class of protein-protein
interaction modules that typically bind to the C-terminus of target proteins. These domains act as a
scaffold where signaling molecules are linked to a multiprotein complex. Human Glutaminase
Interacting Protein (GIP), also known as Tax Interacting Protein, is unique among PDZ domain
containing proteins since it is composed almost exclusively of a single PDZ domain rather than
one of many domains as part of a larger protein. GIP plays pivotal roles in cellular signaling,
protein scaffolding and cancer pathways via its interaction with the C-terminus of a growing list of
partner proteins. We have identified novel internal motifs that are recognized by GIP through
combinatorial phage library screening. Leu and Asp residues in the consensus sequence were
identified to be critical for binding to GIP through site-directed mutagenesis studies. Structure-
based models of GIP bound to two different surrogate peptides determined from NMR constraints
revealed that the binding pocket is flexible enough to accommodate either the smaller carboxylate
(COO−) group of a C-terminal recognition motif or the bulkier aspartate side chain (CH2 COO−)
of an internal motif. The non-canonical ILGF loop in GIP moves in for the C-terminal motif but
moves out for the internal recognition motifs, allowing binding to different partner proteins. One
of the peptides co-localizes with GIP within human glioma cells indicating that GIP might be a
potential target for anti-cancer therapeutics.
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PDZ domains, which are named after founding members Post synaptic density 95, Discs
Large, and Zonula Occludens-1, are one of the most important protein-protein interaction
modules found in living systems. These domains act as a scaffold where signaling molecules
are linked to a multiprotein complex. PDZ domains mediate this organization of signaling
complexes by recognizing the C-terminal amino acid sequence motifs of the interacting
protein (1, 2). The most important functions of PDZ domains appear to be localization and
clustering of ion channels (3), G-protein coupled receptors (4) and downstream effectors (5)
at epithelial cell tight junctions, neuromuscular junctions and postsynaptic densities of
neurons (6). These clustering and localization functions play significant roles in signal
transduction pathways (7).

Glutaminase Interacting Protein (GIP) (8) also known as Tax Interacting Protein (TIP-1) (9)
is a small globular protein (124 amino acid residues) uniquely composed of one PDZ
domain that is flanked by flexible N- and C-termini. PDZ domains are small (80-100
residues) protein-protein interaction modules that typically bind the C-terminal motifs of the
interacting partner proteins (10), but on rare occasions may interact with internal motifs that
mimic a C-terminus (11, 12). To date, GIP has been shown to interact only with the C-
termini of a growing list of partner proteins including Glutaminase L (8), HTLV-1 Tax (9),
HPV E6 (13), β-catenin (14), Rhotekin (15), FAS (16) and Kir 2.3 (17). These GIP partner
proteins play important roles in cell signaling, ion transport, transcription and/or cancer. GIP
has also been shown to act as a scaffold in both astrocytes and neurons (18).

Discerning the protein interaction networks in and between different cell types forms the
foundation for the design of new anti-cancer drugs. Thus, development of drugs targeting a
specific protein is achievable when its network is fully characterized to minimize unwanted
side-effects. To further explore the GIP interaction network, we used an f8-type phage
displayed peptide library to screen for new GIP-binding peptides that may lead to new
partner proteins. Such peptides may serve as leads for the development of novel anti-cancer
therapeutics that specifically target GIP.

Here, we report the identification of 18 new GIP-binding peptides with novel internal motifs
that map to a number of candidate human GIP partner proteins. All of these proteins are
involved in various cancer pathways and/or other important cellular functions such as
cellular adhesion, transcription, recombination and cell death. Alanine replacement studies
confirmed that the identified internal-binding sequence motif is necessary for direct binding
to GIP. Here, we report the structure-based models of internal motif binding to a PDZ
domain obtained from docking of the peptide to the protein using NMR distance constraints
obtained from intermolecular NOEs. Finally, we demonstrate that one of the peptides co-
localizes with GIP inside human glioma cells and decreases their metabolic rate in culture.

EXPERIMENTAL PROCEDURES
Protein expression and purification

Expression and purification of GIP was carried out as described previously (16). Briefly, the
recombinant pET-3c/GIP plasmid was expressed in Escherichia coli (E. coli) BL21
DE3pLys cells, in M9 minimal media containing 13C-labeled glucose and/or 15N-labeled
ammonium chloride. The overexpressed recombinant GIP was purified in a single-step by
size exclusion chromatography on a Sephacryl S-100 column (GE Healthcare). Pooled
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fractions of the pure protein were exchanged to NMR buffer containing 50 mM sodium
phosphate at pH 6.5, 1 mM EDTA and 0.01% (w/v) NaN3.

Screening of the phage displayed peptide library
For identification of GIP-binding peptides, a pVIII 9-mer phage displaylibrary was used
(19). The library contains 2×109 different phage clones with multivalently displayed foreign
peptides, providing incredible diversity for finding target proteins in non-stringent
conditions (20). Prior to the library selection, GIP was purified as described above and
dialyzed against 0.1 M phosphate buffer at pH 8.0. Two wells of a Medisorp 96-well plate
were coated with the purified protein at a 100 μg/ml concentration overnight at 4 °C. The
protein-coated well was blocked with 1% Bovine Serum Albumin (BSA) in Tris Buffered
Saline (TBS) for 1 h at room temperature. To select for the target-binding phage, an aliquot
of 109 colony forming units (cfu) of the library (depleted on an unrelated target) was added
to the well for additional 1 h incubation at room temperature. After incubation, unbound
phages were discarded and the wells were washed 10 times with TBS containing 0.1%
Tween 20 (TBST). The bound phage was eluted with 0.2 M glycine, pH 2.2 for 10 minutes
and immediately neutralized using 1 M Tris-HCl, pH 9.1. The eluted phages were amplified
in E. coli K91BluKan bacteria, purified and titered for the next round of selection. In rounds
two and three, 1010 cfu aliquots were used in the selection procedures. After the third round,
phage DNA in the area of the gpVIII gene was PCR amplified from 33 random phage-
infected bacterial colonies, purified and sequenced. Sequences of GIP-binding peptides were
deduced from phage DNA sequences using Chromas software.

Phage binding assay
Medisorp 96-well plates were coated with GIP at a 70 μg/ml concentration at 4 °C overnight
and blocked with 1% BSA in TBS for 1 h at room temperature. An additional set of
uncoated wells was also blocked for the negative control. The wells were washed with
TBST washing buffer, pH 7.0 two times. Each selected phage clone was amplified
individually and added at 5×106 cfu/well to the GIP-coated wells for 1 h incubation at room
temperature. After incubation, the wells were washed 10 times with TBST washing buffer.
Bound phage were recovered by adding 25 Hl of lysis buffer (2.5% CHAPS, 0.1% BSA in
TBS buffer, pH 7.0) to the wells for 10 minutes at room temperature. After that, freshly
prepared E. coli starved cells (125 Hl/well) were added to the wells for 15 minutes to allow
phage infection. Next, 180 Hl of NZY broth (pH 7.5) containing 0.4 μg/ml tetracycline was
added to each well and the plates were placed in a 37 °C incubator for 45 minutes. Finally,
the content of each well was plated on NZY plates containing 20 μg/ml of tetracycline for
overnight incubation at 37 °C. To quantify the phage, bacterial colonies were counted by a
colony counter next morning.

GIP-peptide titration by NMR
Interaction studies were carried out by titration of 100 HM GIP with peptides containing
several different internal sequences: ESSVDLLDG, ASSSVDDMA, GTNLDGLDG,
GSSLDVTDN, GSGTDLDAS, and GSSAAVTDN. The target peptides were obtained with
> 95 % purity from Chi Scientific (MA). The 10 mM stock solutions of the above peptides
were prepared in 10 mM phosphate buffer at pH 6.5. The amide chemical shift perturbations
(Δδ) were calculated as Δδ = ∣ Δδ15N∣/f + ∣ Δδ1H∣ (16). The introduction of the f factor and
its value were justified by the difference in the spectral widths of the backbone 15N
resonances and the 1H signals (15N range, 131.5-100.8 ppm = 30.7 ppm; 1H range, 10.1-6.6
ppm = 3.5; correction factor f=30.7/3.5 = 8.7). Thus, the correction factor f = 8.7 was used
in order to give roughly equal weighting for each of the 1H and 15N chemical shift changes.
For ligand titration experiments, uniformly 15N-labeled GIP was titrated with increasing
concentrations of peptide to a GIP:peptide ratio of 1:10, and the corresponding two-
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dimensional {1H,15N} HSQC spectra were recorded. Beyond the ratio of 1:10, solid peptide
was added in increasing amounts to an excess that approached saturation with protein to
peptide ratios ranging from 1:40 to 1:140 for certain individual peptides.

GIP-peptide models
To model the structure of GIP in complex with ESSVDLLDG and GSGTDLDAS peptides,
we performed the following experiments: 2D TOCSY (21) and 2D ROESY (22) on each
peptide, 2D 15N/13C F1, selectively filtered NOESY (23), 3D 13C-edited/filtered HSQC-
NOESY and 3D 15N-edited/filtered HSQC-NOESY (24) on each peptide/protein complex.
The sample contained ~400 UM uniformly 15N/13C labeled GIP, unlabeled 8 mM
ESSVDLLDG or 16 mM GSGTDLDAS, 50 mM phosphate buffer containing 5 % D2O (pH
6.5), 1 mM EDTA and 0.01% (w/v) NaN3. Peptide-peptide and peptide-protein NOEs were
added to the set of previously determined protein NOEs from free GIP for structure
calculation using ARIA (25). Previous studies on the binding of GIP to various peptides by
both X-ray crystallographic and NMR methods demonstrated that the core structure of GIP
is not significantly affected by the ligand binding (26-28). In our previous study (28), we
solved the NMR structure of GIP in the free-state and also in the bound-state with a known
ligand from the protein Glutaminase using a whole new set of NOEs obtained from the
NOESY data collected on the complex. The overall three-dimensional structure of GIP both
in free and bound forms were the same except for minor conformational changes in the
ligand binding regions of the protein in the bound form. The above NMR observation (28)
was consistent with the results of X-ray structures of GIP bound with β-catenin (27) and
KIR 2.3 (26). Thus, both NMR and X-ray studies showed that the overall structure of GIP
remains unaffected except for minor conformational changes at the binding site to
accommodate the ligand (26-28). Additionally, the chemical shift perturbations of GIP
titration with the above 3 peptides were reported to be significant only at or near the binding
regions (16, 28). Interestingly, in the present study, the chemical shift perturbations
observed for GIP when titrating with the different internal motif peptides were very similar
to what was observed previously for Glutaminase, β-catenin and KIR 2.3 (16, 28) indicating
that the overall structure of GIP remains unaffected except for the ligand binding regions. To
build the NMR models of GIP complexed with two different ligands (two different internal
motif peptides) accurately, we did not follow the usual procedure of simply docking the
ligand to the three-dimensional structure of a protein using the intermolecular NOE
constraints between the protein and ligand. Instead, we removed the intra-NOE distance
constraints of the regions of the protein (the α2 helix and the β2 strand) that form the
binding site. This approach provided flexibility to the regions of the protein involved in
ligand binding allowing them to adopt the conformational change induced upon ligand
binding. Next, the experimentally derived intermolecular NOE constraints between GIP to
each peptide (Table S1) were added to the structure calculation process carried out with the
program ARIA. We used 37 and 32 intermolecular NOE distance restraints that were
experimentally identified between the ligand binding regions of the protein to each peptide
in the two GIP-peptide complexes. The rest of the structure calculation process to determine
the structure-based model of each complex was followed as described previously (28). The
above experimental intermolecular NOE distance constraints were critical for the
determination of the NMR models of the ligand-bound proteins that showed the ligand-
induced conformation changes. The NMR experiments for free GIP and each GIP-peptide
complex were conducted under identical conditions such as pH, temperature, buffer, protein
concentration etc. On an iterative basis, the structures were evaluated and refinements made
to the ARIA inputs using VMD (29) to visualize the structures. For the final ensemble of
structures, out of total of 200 starting structures, 25 structures with lowest energy were
chosen for water refinement. Of those, 20 structures with the lowest energy were selected
for analysis with Procheck (30).
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Fluorescence spectroscopy
All fluorescence spectra were recorded on a PerkinElmer LS 55 Luminescence
spectrofluorometer at 25 °C. Titration experiments were done as described previously (16).
The dissociation constant KD was determined using the OriginPro 6.1 software. The
equation corresponding to single binding site was used to fit the data as described previously
(31) .

Immunocytochemical localization of GIP in cancer cells
D54 MG human glioma cells were plated onto 4-chamber slides (Nunc, Naperville, IL) at
the density of 3×104 cells/chamber in Dulbecco’s modified Eagle’s medium (DMEM F-12)
supplemented with 10% fetal bovine serum (FBS) and grown under 5% CO2 at 37 °C for 24
h. For immunocytochemical localization of GIP, the cells were fixed by 1%
paraformaldehyde in PBS for 30 min, and then permeabilized with 0.5% Triton X-100 in
PBS for 25 min at room temperature. The cover slips were blocked with MACS buffer
(0.5% BSA, 2 mM EDTA in PBS, pH 7.2) for 1 h. The cells were incubated with primary
anti-GIP mouse monoclonal IgG (Novus Biologicals, Littleton, CO) diluted 1:15 in PBS
with 1% BSA, overnight at 4 °C. The primary antibody was removed and the slides were
rinsed with PBS. Secondary goat anti-mouse Alexa 488-conjugated antibody (Novus
Biologicals, Littleton, CO) diluted 1:40 in PBS/BSA was added and incubated for 1 h at
room temperature. Unbound secondary antibody was removed by washing with PBS. Slides
were mounted with cover slips using Vectashield DAPI mounting medium (Vector
Laboratories, Inc., Burlingame, CA). Fluorescence images were acquired with an Olympus
BH-2 fluorescence microscope equipped with Nikon Digital Sight DS-L1 camera.

Peptide internalization and co-localization with GIP in cancer cells
To demonstrate the ability of the peptide to be internalized by human glioma D54 MG cells,
the cells were plated on chamber slides and cultured overnight as described in the previous
section. The cells were treated with TAMRA-labeled ESSVDLLDGGG(R)7 peptide at 1
HM for 25 min. After incubation, the cells were washed three times with PBS and fixed with
1% paraformaldehyde for 15 min. Fixed cells were mounted with cover slips using
Vectashield DAPI mounting medium. The slides were evaluated by fluorescence
microscopy.

For GIP-peptide co-localization studies, cells plated on chamber slides as above were treated
with TAMRA-labeled ESSVDLLDGGG(R)7 peptide at 1 HM for 25 min and fixed with 1%
paraformaldehyde for 15 min, followed by three PBS rinses. Fixed cells were permeabilized
with 0.5% Triton X-100 in PBS for 25 min, rinsed three times with PBS, and blocked with
MACS buffer for 1 h at room temperature. The cells were then incubated with primary anti-
GIP mouse monoclonal IgG antibody overnight at 4 °C and washed three times with PBS as
in the previous section. Fluorescein Alexa 488 anti-mouse secondary antibody was then
added and incubated for 1 h at room temperature. After washing the cells three times with
PBS, the cells were mounted and evaluated by fluorescence microscopy.

MTT assay
The effect of the peptide on D54 MG cells was examined by an assay that utilizes MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma-Aldrich, St. Louis,
MO) salt. This assay measures cellular oxidative metabolism. The dye is cleaved to a
colored product by the activity of NAD(P)H-dependent dehydrogenase, and this indicates
the level of energy metabolism in cells. The color development (yellow to blue) is
proportional to the number of metabolically active cells. For these experiments, D54 MG
cells were plated on 96-well culture plates at a density of 3× 103 cells/well and cultured
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overnight in DMEM F-12 medium (Mediatech Inc, Manassas, VA) containing 10% fetal
bovine serum at 37 °C. Next day, the peptide was added to the cells at 10, 20, 40, 50, 75,
100, 200 HM concentrations. The cells were incubated at 37 °C until the total treatment time
reached 16 h. After that, 10% volume of MTT stock solution (5 mg/ml) was added to the
cell cultures for four hours for color development. The converted dye was then solubilized,
and the absorbance was measured at 550 nm. Each data point was normalized against the
control cells.

RESULTS
Identification of GIP-binding peptides by phage display

GIP-binding peptides were selected from a f8-type 9-mer phage displayed peptide library
(32) that displays 4000 copies of the foreign nonamers in the N-terminal part of the major
coat protein pVIII of phage fd–tet (landscape library). The library was constructed by
replacement of amino acids 2–5 of pVIII with random nonamers. The landscape library
allows selection of highly homologous families of peptides in non-stringent conditions due
to its multivalency and avidity effect (20) with easily recognized binding motifs (33). To
reveal GIP-binding motifs, the gene gpVIII DNAs were amplified by PCR from 33 phage
clones, sequenced, and translated into 18 unique peptide sequences. Based on sequence
alignment, they were placed into two groups (Table 1). Group 1 contained peptides with S/
T-S-V/L-Da as a common motif. Interestingly, this motif was identified in different
positions within the nine amino acid peptide sequences, including 2-5, 3-6, and 4-7. Group 2
contained a three residue N-L-D motif, which occupied positions from 2-4 and 3-5 within
the peptides. An additional sequence, GSGTDLDAS, was also identified. Comparative
analysis of all sequences revealed S/T-X-V/L-D to be the consensus motif.

The specificity of the selected phage clones to GIP was confirmed through a phage-binding
assay by comparing relative binding of individual phage clones to the target protein in
comparison with the controls, BSA or empty wells of the plastic plates used for phage
selection. As an additional control for binding specificity, the above assay was repeated with
phage f8-5, the vector that does not display any fusion foreign peptides (19). Equal numbers
of individual phage clones were added to the wells containing either GIP or the above
controls followed by incubation and quantification of the bound phage by titering in the host
E. coli cells K91BK. It was observed that GIP-selected clones do not bind either to BSA or
to the plastic. The vector phage alone did not bind to GIP (not shown).

Binding Affinities Determination by Fluorescence Assay
Fluorescence assays involving titration of the protein to the peptides were studied by
monitoring the decrease in the protein fluorescence by the addition of increasing amounts of
various peptides. The KD values were calculated from the fluorescence intensity of GIP by
plotting (F0-FC)/(F0-Fmin) versus [C] where F0 and FC, are the fluorescence intensities of the
free protein and of the protein at a peptide concentration [C], and Fmin, the fluorescence
intensity upon saturation of all ligand binding sites of the protein was obtained.

A plot of (F0-FC)/(F0-Fmin) versus [C] was established using an equation that defines a
single binding site. The data were fitted to this plot to obtain the KD values using the
OriginPro 6.1 software. The KD values of the internal motif peptides were within the range
of 0.2-0.8 HM suggesting a moderate affinity of GIP for these peptides.

aThroughout the manuscript three-letter codes are for the protein residues and single letter codes are for the internal motif peptide
residues.
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GIP binding to internal motif peptides monitored by NMR spectroscopy
Several GIP-specific peptides revealed in the selection experiments were synthesized to
assess their interactions with GIP using NMR spectroscopy. Five peptides representing
motifs with either S/T or V/L amino acids in positions P−2 or P0 according to standard PDZ
nomenclature (28), were selected for the NMR studies.

Chemical shift mapping is a powerful method frequently employed to investigate possible
protein ligand interactions by NMR. The 2D 1H-15N HSQC spectrum provides the
fingerprint region of a protein. This NMR experiment is a sensitive technique to study
protein-ligand interactions in solution (16, 28, 34). Any perturbation in the chemical shift
resonances from their original positions in this region indicates a change in the local
environment of the affected residues within a protein (16). Based on the local chemical shift
changes, we know that the overall fold and shape of the protein remains unchanged upon
ligand binding as similar changes were observed in structures solved for GIP-peptide
complexes with C-terminal peptides from Glutaminase-L (28), KIR2.3 (26) and β-catenin
(27). To elucidate a molecular mechanism of GIP-ligand binding, we studied the interaction
of GIP with selected peptides by 2D HSQC titration experiments. The amide proton and
nitrogen resonances in the HSQC spectra were followed for each titration point. Resonances
from most of the residues of GIP followed fast exchange kinetics on the NMR time scale as
observed by gradual and systematic changes in their chemical shift positions (Fig. 1A). A
few specific residues such as Leu29 and Gly30 followed intermediate exchange kinetics as
seen by the disappearance of these peaks (Fig. 1A). The decrease in peak intensity of these
residues is due to the exchange between amide resonances of free and bound GIP. Residues
Leu29 and Gly30 are a part of the ILGF binding loop that makes specific hydrogen bonds to
the negatively charged terminal carboxylate group of the partner protein with a C-terminal
recognition motif during binding (28). This causes large chemical shift perturbations in these
residues (35) despite very small structural changes (26-28). For our titration experiments,
the magnitude of changes in the chemical shifts of residues in GIP can be correlated to the
relative proximity to the peptide in the complex.

Chemical shift perturbation of GIP upon binding to internal motif peptide ligands
The chemical shift perturbation for each residue was calculated from the chemical shift
changes of both 1H and 15N nuclei. When internal motif peptides were added, systematic
changes of the amide resonances occurred in the titration spectra (Supplementary
Information, Fig. S1). The significant chemical shift perturbations were grouped into three
categories: medium shifted (>0.1 ppm), large shifted (>0.2 ppm), and intermediate exchange
(Table 2). The intermediate exchange for certain residues within or very near the ILGF loop
indicates that this loop is highly flexible as it has dramatically different kinetic properties
compared to the rest of the protein. Unfortunately, because of the intermediate exchange that
greatly broadens the resonances, the exact kinetic parameters of this region could not be
studied. The magnitudes of the amide chemical shift changes upon binding to different
internal motif peptides are mapped on to the ribbon diagram of GIP as indicated by different
colors (Fig. 2).

Chemical shift perturbation analysis shows that the ILGF loop, β2 strand, and α2 helix are
the regions of GIP that are most affected. It also shows that residues in the region Ile18-
Gln23, Ile55-Glu62, and Glu67 which belong to the β1, βa, and β3 strands as well as the α1
helix are also affected, but to a lesser extent. This observation suggests that the peptides with
internal binding motifs bind to the same binding site nestled between the β2 strand and α2
helix of GIP as the canonical C-terminal motif. This binding is allosterically driven,
reminiscent of the way GIP binds to C-terminal motifs (16, 26-28).
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Role of the residues at P0 and P+1 of the peptide in GIP-peptide binding
To analyze the role of specific residues in the internal motif recognition by GIP, we created
a double alanine substitution for LD in the GSSLDVTDN peptide. NMR titrations were
performed to determine the effect of these substitutions on GIP binding. GIP was titrated
with various concentrations of the alanine substituted peptide GSSAAVTDN. Compared
with the wild-type GSSLDVTDN peptide (Fig. 1A), the chemical shift perturbation is
negligible for the AA substitution (Fig. 1B). This indicates that any interaction between the
peptide and GIP was completely eliminated. Interestingly, the observation that
GSSAAVTDN peptide has virtually no binding to GIP suggests that both L and D are
important for optimal interactions. Titrations with each of the identified peptides show that
Leu29 and Gly30 are always in intermediate exchange for both residues (Table 2). Since LD
or VD is present in each peptide and Leu29 and Gly30 are in intermediate exchange for the
titration of each peptide, this supports our hypothesis that LD interacts directly with Leu29
and Gly30 of the ILGF carboxylate binding loop as a mimic of a hydrophobic C-terminal
residue from a canonical C-terminal motif.

Structural characterization of internal motif recognition by GIP
Structure-based models of GIP bound to each of the two internal motif peptides were
obtained through docking studies using intermolecular NOEs measured by NMR. These
docking studies used experimentally derived NOE distance restraints that provided the
details of the interactions between each internal motif peptide and the GIP protein. We also
used the intrapeptide NOEs from the peptide while it was bound to GIP to determine the
internal structure of each peptide in the complex. The chemical shift perturbations of GIP
binding to the internal motif peptides, ESSVDLLDG and GSGTDLDAS, were separately
mapped onto the same region as that of the C-terminal peptides reported earlier in our
laboratory (16, 28). The chemical shift perturbation studies detailing which regions of the
GIP protein were most affected upon binding to the internal motif peptides showed similar
patterns as those for previously solved complexes with GIP and C-terminal binding peptides
(16, 28). This similarity in binding patterns allowed us to use our previously solved structure
of the protein as a starting point in our structure-based model using the experimentally
derived intermolecular NOEs between the GIP protein and each of the internal motif
peptides. The experimentally derived NOEs demonstrated that each peptide bound to the
protein in an extended strand conformation analogous to the previously determined C-
terminal binding peptides (Supplementary Information, Table S1). There are four critical
points of contact between GIP and both internal motif peptides. First, it binds by β-strand
addition to form an antiparallel β-sheet with the β2 strand from GIP. Both peptides bind to
GIP as antiparallel β-stands through this process. Second, the hydrophobic residue at P0
buries itself into the hydrophobic pocket created by Leu29, Phe31, Leu97 and Ile33. For
ESSVDLLDG and GSGTDLDAS the role of P0 is taken by V4 and L6 respectively. Both
side chains bury themselves into the hydrophobic pocket in the same way and with the same
relative orientation. Third, either S or T at the P−2 position forms a hydrogen bond with
His90 at the α2:1 position in GIP. Both ESSVDLLDG (Fig. 3A,B) and GSGTDLDAS (Fig.
3C,D) have more than one S or T in their respective sequences but it is S2 and T4 which are
at the P−2 position from V4 and L6 at the P0 position within each peptide. The fourth and
perhaps most important key point of contact is between the negatively charged carboxylate
group of the ligand with the backbone amides from Leu29 and Gly30 within ILGF loop of
GIP. For canonical binding this takes place with the C-terminal carboxylate of the
interacting partner (28). For the internal recognition motifs, the side chain of aspartate acts
as a substitute for the C-terminus. This role is taken by D5 and D7 in ESSVDLLDG and
GSGTDLDAS respectively. In order to bind to the side-chain carboxylate in an internal
recognition motif, we found that the flexible loop between the non-canonical βb and β2,
which includes residues Leu29 and Gly30 in the ILGF loop adjust slightly so that the amide
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protons orient themselves toward the side-chain carboxylate to form a set of hydrogen bonds
similar to the set of hydrogen bonds formed to the C-terminus during canonical binding.

Co-localization of GIP and internal motif peptide in human glioma cells
GIP has been reported to be involved in many cancer pathways and represents a promising
drug target (14, 36, 37). Our searches of protein databases (UniProt) indicated multiple
cancer-related proteins containing the novel internal motif identified through our phage
library screen (Supplementary Information, Table S2). We studied intracellular distribution
of one of the peptides in human D54 MG glioma cells. The cells were treated with a
synthetic ESSVDLLDG peptide fused to a cell-penetrating peptide G2R7 labeled with
TAMRA. By fluorescence microscopy, the labeled peptide was shown to be uniformly
distributed in the cytoplasm of the glioma cells (Fig. 4A). Next, cultures of D54 MG cells
were treated with the TAMRA-labeled peptide followed by GIP staining with an anti-GIP
antibody detected with a secondary antibody conjugated to Alexa 488 (Fig. 4). Both, the
peptide (red) as well as GIP (green), were found to be co-localized in the cytoplasm of the
cells. To investigate whether the above peptide will have any effect on the glioma cells, the
cells were treated with the peptide at concentrations ranging from 10 to 200 μM for 16 h and
their metabolism was measured by the MTT assay. The cell metabolism was suppressed in a
dose dependent manner with increasing peptide concentrations (Fig. 5). The peptide
concentration required to suppress 50% of the cell metabolism (IC50) was found to be equal
to 69±10 μM.

DISCUSSION
Internal motif recognition by GIP

In this study, a phage landscape library f8/9 with multivalently displayed foreign nonamers
was used to identify new binding motifs for GIP, a single PDZ domain containing protein.
The library used here was diverse, composed of two billion different phage clones. A
randomized DNA segment was inserted into the N-terminus of the gene gpVIII that encodes
the major phage coat protein (32). PDZ-binding phage clones were isolated from the library
in three successive rounds of biopanning. In the GIP-phage binding assay, all of the selected
phage clones were confirmed to be specific to GIP. Analysis of the peptide sequences led to
the identification of a consensus internal-binding motif S/T-X-L/V-D. In the majority of
previously reported phage display studies on PDZ-binding motifs, the identified peptide
ligands were C-terminal recognition motifs (6, 38). To our knowledge, this is the first report
of GIP recognition of internal binding motifs. In the selected sequences, S or T, which were
followed by variable amino acids in position P−1, always occupied the P−2 position. Position
P0 was always occupied by V or L, but not by I. This might indicate that steric factors are
involved in the binding, thus, only the symmetric V or L side chains fit into the hydrophobic
cavity, but not the asymmetric I side chain. Aspartate in the P+1 position was absolutely
required.

Mechanisms of internal motif recognition and comparison with canonical C-terminal
recognition by GIP

Here, we also report structure-based models of PDZ domain recognition by two distinct
internal motif peptides (Fig. 3). The binding of ESSVDLLDG and GSGTDLDAS to GIP
shows key similarities to and differences from the canonical PDZ C-terminal binding by GIP
with its interacting partner proteins. The similarities include: the β-strand addition
mechanism, S or T at P−2 forms a hydrogen bond with His90, and V or L at P0 binds within
the hydrophobic pocket created by Leu29, Phe31, Ile33 and Leu97. This explains the similar
pattern of chemical shift perturbations within GIP for the binding of different internal motif
peptides. The key difference is that in an internal motif P0 is not the C-terminus with a free
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carboxylate group. Instead a hydrophobic residue at P0 and D at P+1 serve as a structural
mimic of a C-terminus with the side-chain carboxylate group of D forming the same set of
hydrogen bonds to the backbone amides from Leu29 and Gly30 within the ILGF binding
loop. Aspartate at P+1 has a different geometry than a C-terminal carboxylate group and
needs to accommodate four additional heavy atoms. As a result, the backbone atoms of V/L
at P0 and D at P+1 of the peptide loop around so that the side chain carboxylate group of D at
P+1 points back toward the binding pocket. Analysis of the identified phage sequences
shows that D is absolutely conserved among all the internal binding motifs. Each synthetic
peptide derived from a phage clone did bind to GIP as monitored by NMR titrations. Thus,
while E is also negatively charged, it appears that its side-chain is simply too bulky for the
geometry to accommodate the binding pocket in an energetically favorable way.

Furthermore, while both Leu29 and Gly30 make the same set of hydrogen bonds to either a
canonical C-terminal carboxylate group or carboxylate group from the side-chain of D at
P+1 for an internal motif, the ILGF loop appears to be somewhat flexible and
accommodating. It moves in to bind to a terminal carboxylate group of a C-terminal motif or
moves out to bind to a carboxylate group from D at P+1 of an internal motif. The flexibility
of this loop may be due to the non-canonical βa-βb hairpin loop of GIP. In most PDZ
domains, the GLGF motif, also known as the carboxylate-binding loop comes directly
between β1 and β2. However, in GIP, the non-canonical βa-βb hairpin loop uniquely
positions the ILGF carboxylate-binding loop at a pivot point between βb and β2, thus
allowing it to accommodate both sets of geometries for a terminal carboxylate group of C-
terminal motif or a side-chain carboxylate group of D at P+1 for an internal motif.

Previously, X-ray crystal structures of a PDZ domain with internal motifs were solved (11,
12, 39). X-ray structures show that GLGF motif plays an important role for the interaction
process. Interestingly, our GIP-peptide model suggests that the ILGF motif of GIP moves
out to accommodate the internal motif. This flexible nature of the GLGF/ILGF motif helps
to recognize both C-terminal and internal motif ligands.

Comparison of the binding of the ESSVDLLDG and GSGTDLDAS peptides to GIP
Both ESSVDLLDG and GSGTDLDAS bind as part of an antiparallel β-sheet to the β2
strand. However, after P+1, the C-terminal segments of the peptides diverge in different
directions. The direction of divergence appears to be controlled by whether P0 is L or V. For
ESSVDLLDG, the alignment of V at P0 in the hydrophobic pocket of GIP followed by the
alignment of D at P+1 allows the rest of the peptide to continue roughly antiparallel to βb.
The hydrophobic L at P+3 makes a hydrophobic contact with Leu27 that further contributes
to the binding stability of this particular peptide to GIP. In the case of GSGTDLDAS, the
positioning of the larger hydrophobic residue L at P0 into the hydrophobic pocket causes D
at P+1 to be positioned such that the remaining A and S at positions P+2 and P+3 point away
orthogonal to both βb and β2. Also in contrast to ESSVDLLDG, GSGTDLDAS appears to
form a slightly more extended antiparallel β-sheet with β2. Overall, it appears that binding
to GIP the following conditions must be met: the ability to form a β-strand and the sequence
S/T-X-L/V-D. ESSVDLLDG has both VD and LD pairs in its sequence, but only VD binds
to the ILGF loop because it contains S at the relative position P−2. However, if the LD pair
was bound to the ILGF loop, D would be at P−2 instead of S which is not energetically
favorable since His90 is present at position α2:1. The His90 at α2:1 is responsible for the
selectivity of S/T at P−2 of the interacting partner.

Evidence of internal motif recognition by GIP
Very interestingly, endonuclein, a cell cycle regulated WD-repeat protein, was recently
reported to interact with GIP (40). Endonuclein does not contain a canonical C-terminal
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PDZ binding motif, but contains the sequence EISGLDL (387-393) within its five WD
repeats. WD repeats are β-sheet domains that contain multiple β-hairpin turns. It is possible
that endonuclein interacts with GIP through this region that serves as an internal motif. If
confirmed, this would be the first independent example of an interaction of GIP with a non-
canonical internal motif.

Co-localization of GIP and internal motif peptide
GIP was shown to have the same subcellular localization (Fig. 4) as the synthetic peptide,
ESSVDLLDG. The peptide was found to inhibit metabolism of the glioma cells in a
preliminary test.

New potential partner proteins of GIP
Using protein database searches, we have identified several proteins with the S/T-X-V/L-D
internal motif that were previously shown to be involved in various cancer pathways and
tumorigenesis (Supplementary Information, Table S2). For example, reduced expression of
the mediator complex subunit 1 (MED 1) protein containing the above motif was associated
with a more pronounced tumorigenic phenotype in human melanoma cells (41). The CYLD
gene that encodes the cylindromatosis 1 protein also has this motif and was found to be
down-regulated in human hepatocellular carcinoma cells and involved in their apoptotic
resistance (42). Growing evidence indicates that CYLD deficiency may promote the
development of various cancers (43). Another S/T-X-V/L-D internal motif-containing
protein, MYO18B, was suggested to act as a tumor suppressor in the development of lung
cancer (44). The MYO18B protein was also shown to play an essential role in ovarian
cancer (45).

CONCLUSIONS
Our studies reveal new internal recognition motif for GIP. GIP recognizes target proteins
containing S/T-X-V/L-D internal motif. This is the first report of GIP recognition of an
internal motif. We have identified 18 new target proteins containing the above internal motif
expanding the GIP interaction network. Structure-based models of GIP-peptide complexes
reveal that the binding pocket of GIP is flexible and can accommodate either C-terminal or
internal recognition motifs. The involvement of GIP in many cancer pathways suggests that
this protein might be a potential target for drug design.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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TIP-1 Tax-Interacting Protein-1

BSA Bovine Serum Albumin

TBS Tris Buffered Saline

TBST TBS with 0.1% Tween 20

cfu colony forming unit

DMEM Dulbecco’s modified Eagle’s medium

FBS fetal bovine serum

TAMRA Carboxytetramethylrhodamine

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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FIGURE 1.
GIP PDZ domain shows direct interaction with the GSSLDVTDN internal motif peptide but
not with the double-substituted GSSAAVTDN peptide. (A) 15N-HSQC spectra of 15N-
labeled GIP PDZ domain alone (blue) and with GSSLDVTDN peptide (magenta). (B) 15N-
HSQC spectra of 15N-labeled GIP PDZ domain alone (blue) and with GSSAAVTDN
peptide (magenta).
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FIGURE 2.
The magnitude of the amide chemical shift changes is represented in different colors on a
ribbon diagram of GIP bound to the various internal motif peptides, (A) ASSSVDDMA, (B)
ESSVDLLDG, (C) GSGTDLDAS, (D) GTNLDGNGD, (E) GSSLDVTDN. Red indicates
Δδ> 0.2 ppm, yellow indicates 0.2 ppm > Δδ> 0.1 ppm, blue indicates 0.1 ppm >Δδ, and
green indicates intermediate exchange. Selected secondary structural elements are labeled in
red.
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FIGURE 3.
Structures of GIP-ESSVDLLDG and GIP-GSGTDLDAS complexes. (A) Ensemble of 20
lowest energy structures of the GIP-ESSVDLLDG complex. (B) D at P+1 forms hydrogen
bonds with Leu29 & Gly30 HN and S at P+2 with His90. V at P0 buries itself into a
hydrophobic pocket created by Leu29, Phe31, Ile33 and Leu97. (C) Ensemble of 20 lowest
energy structures of the GIP-GSGTDLDAS complex. (D) D at P+1 forms hydrogen bonds
with Leu29 & Gly30 HN and T at P+2 with His90. L at P0 buries itself into a hydrophobic
pocket created by Leu29, Phe31, Ile33 and Leu97.
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FIGURE 4.
Localization of GIP and a GIP-binding peptide ESSVDLLDG in D54 MG human glioma
cells (A) Internalization of the peptide by glioma cells. The peptide was labeled with
TAMRA and is shown inside the cells as red fluorescence. (B) ESSVDLLDG peptide was
localized in the cytoplasm of the glioma cell (red). (C) GIP was localized in the cytoplasm
of the same cell using primary anti-GIP antibody followed by secondary antibody
conjugated to Alexa 488 (green). (D) Merged image of (B) and (C) showing colocalization
(indicated with arrows) of GIP and ESSVDLLDG peptide within the cell. Cell nuclei were
stained with DAPI (blue).
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FIGURE 5.
Effect of the ESSVDLLD peptide on the cellular metabolism of D54 MG human glioma
cells. The peptide was added to the cells at different concentrations ranging from 10-200
HM. Cell metabolism was determined using the MTT assay and expressed as a percentage
of the mean absorbance measured in untreated control cell cultures.
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TABLE 1

Peptide sequences identified for GIP binding from a phage display library placed into two main groups.

Group 1 Group 2 Other

GGSSVDSE DSNLDVSVE GSGTDLDAS

ESSVDLLDG VSNLDTTND

GSSSVDVDG GTNLDGNGD

AISSVDSMG GSMNLDVQS

ESSVDMIGD GGNLDVNVG

GSSVDLVGD DGNLDSYDN

AYESSVDDN

ASSSVDDMA

GSSLDVTSE

GSSLDVTDN

GYETSLDSN
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TABLE 2

Chemical shift perturbations of GIP residues upon binding to internal motif peptides.

Peptides Medium shifted (>0.1 ppm)
residues/regions

Large shifted
(>0.2 ppm)
residues/regions

Residues in
Intermediate
exchange

ASSSVDDMA Ile18, His19, Lys20, Arg22,
Gln23, Gly34, Ile55, Val57,
Leu71, Thr86, Val88, Arg96,
Thr98, Ser101, Glu102

Asn26, Leu27, Ile28,
Phe31, Ser32, Ile33,
Gly35, Thr58, Glu67,
Arg94, Leu97, Arg100

Leu29, Gly30

ESSVDLLDG Ile18, His19, Lys20, Arg22,
Gly34, Gly36, Phe46, Tyr56,
Val57, Thr58, Val60, Glu62,
Glu67, Leu71, Thr86, Arg96,
Leu97, Thr98, Lys99, Ser101

Asn26, Leu27, Arg94,
Arg100

Ile28, Leu29,
Gly30, Phe31,
Ser32, Ile33

GSGTDLDAS Glu17,Ile28, Gly34, Gly36, Ile55,
Val57, Thr58, Ser61, Glu62,
Leu71, Ile77, Thr86, Thr98

Phe31, Ser32, Ile33,
Glu67, Arg94, Arg96

Leu29, Gly30

GTNLDGNGD Glu17, Phe31, Gly34, Gly36,
Ile55, Val57, Thr58, His90,
Arg96, Thr98

Ser32, Ile33, Glu67,
Arg94

Leu29, Gly30

GSSLDVTDN Phe31, Ile33, Gly36, Thr58, Ser61,
Glu67, His90, Arg94, Arg96,
Thr98, Lys99

Leu27, Ile28, Ser32 Leu29, Gly30
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