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ABSTRACT: PDZ domains are one of the most ubiquitous protein-protein interaction modules found in
living systems. Glutaminase interacting protein (GIP), also known as Tax interacting protein 1 (TIP-1),
is a PDZ domain-containing protein, which plays pivotal roles in many aspects of cellular signaling,
protein scaffolding and modulation of tumor growth. We report here the overexpression, efficient refolding,
single-step purification, and biophysical characterization of recombinant human GIP with three different
C-terminal target protein recognition sequence motifs by CD, fluorescence, and high-resolution solution
NMR methods. It is clear from our NMR analysis that GIP contains 2 R-helices and 6 �-strands. The
three target protein C-terminal recognition motifs employed in our interaction studies are glutaminase,
�-catenin and FAS. This is the first report of GIP recognition of the cell surface protein FAS, which
belongs to the tumor necrosis factor (TNF) receptor family and mediates cell apoptosis. The dissociation
constant (KD) values for the binding of GIP with different interacting partners as measured by fluorescence
spectroscopy range from 1.66 to 2.64 µM. Significant chemical shift perturbations were observed upon
titration of GIP with above three ligands as monitored by 2D {1H,15N}-HSQC NMR spectroscopy. GIP
undergoes a conformational change upon ligand binding.

Cellular signaling systems are an important part of
physiologicalfunction,andaremediatedlargelybyprotein-protein
interactions. One of the most well-known protein-protein
interaction motifs, the PDZ (postsynaptic density protein, disc
large, zona occludens) domain (1, 2), is present in several
hundred human proteins (3). These PDZ motifs are small
interaction modules normally spanning 80-100 amino acid
residues. PDZ domains mediate various signaling pathways
(4), localize and cluster ion-channels and membrane recep-
tors, maintain cell polarities (5), and are involved in
scaffolding of multimeric complexes by recognizing the
C-terminal amino acid sequence motif of the interacting
proteins (6, 7). These interactions localize membrane proteins
to specific subcellular domains, enabling the assembly of
supramolecular complexes. Many of these proteins possess
several PDZ domains within the same protein, or are
associated in multimeric complexes which form a conglom-
eration of PDZ modules.

Human glutaminase-interacting protein (GIP) is a small
soluble multifunctional protein containing one PDZ domain.
GIP was originally identified in a yeast two-hybrid genetic
selection system while looking for interactors of glutaminase
in human brain (8). GIP interacts with the C-terminus of
glutaminase L (liver type), which is responsible for synaptic
transmission and regulation of cerebral concentrations of
glutamine and neurotransmitter glutamate (8). Apart from
the fact that glutaminase is crucial for the normal activity of
the central nervous system, this enzyme also plays a key
role in tumor development (9). Glutamine is an essential
nutrient for tumor tissues, and glutamine-related anticancer
therapy involves clearance of circulatory glutamine by
glutaminase. A partial GIP cDNA clone was previously
identified from human lymphocytes through a yeast two-
hybrid screening and named TIP-1, for Tax-interacting
protein 1, because it is a binding partner for the viral
oncoprotein Tax (10).

The full-length human GIP cDNA encodes a 124-residue
protein. This protein contains a single PDZ domain encom-
passed by residues 17-112 of the protein sequence (8).
While the exact mechanism by which GIP and glutaminase
interact in the brain is not yet elucidated, colocalization of
both proteins in astrocytes and neurons suggest the role of
GIP as an important scaffolding PDZ protein in the mam-
malian brain (11). GIP may contribute to the determination
of the subcellular distribution and localization of glutaminase
and/or regulation of its function (11, 12). Apart from
glutaminase, a plethora of binding partners have been
reported, implicating GIP in key biological processes. The
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other reported GIP binding partners are the viral oncoproteins
HTLV-1 Tax (10), HPV16 E6 (13), and the Rho-activator
rhotekin (14), which involves GIP in the Rho signaling
pathway, and the potassium channel Kir 2.3, where GIP
regulates channel expression in the plasma membrane of
renal epithelia (15). GIP has also been shown to participate
in the regulation of transcription; it binds to the C-terminus
of �-catenin (16-18). �-catenin mediates Wnt signaling
involved in regulation of cell-cell adhesion during embryo-
genesis; however, deregulation of the signal transduction
pathway frequently leads to the formation of various cancer-
ous tumors (16-18). Overexpression of GIP reduces the
proliferation and anchorage-independent growth of colorectal
cancer cells (16).

GIP is not only involved in the CNS (central nervous
system) and various human cancers; we discovered that it
also interacts with the C-terminal region of a cell-surface
protein FAS, which belongs to the TNF (tumor necrosis
factor) receptor family (19)andmediatescell apoptosis (20,21).

GIP belongs to class I PDZ domain, which recognizes the
C-terminal sequence (S/T)-X-Φ of the peptides (X denoting
any amino acid and Φ representing a hydrophobic residue).
The residues at positions 0 and -2 of the peptide (position
0 referring to the C-terminal residue) play a critical role in
the specificity and affinity of the interaction (16). Class I
PDZ domains usually contain 6� (�1-�6) strands and 2R
(R1-R2) helices. It has been reported that the PDZ domain
binds the C-terminus of the interaction partner in an
elongated groove as an antiparallel �-strand between the
second R-helix and the second �-strand, termed the PDZ
binding groove (22). The well-conserved Gly-Leu-Gly-Phe
(GLGF) motif, known as the carboxylate-binding loop, is
located within the �1-�2 connecting loop and is important
for hydrogen bond coordination of the C-terminal carboxylate
group (COO-) (3).

Because PDZ proteins have well-defined binding sites,
they are promising targets for drug discovery. Furthermore,
GIP is one of the smallest members of the PDZ family,
containing only one PDZ domain that represents its full
primary structure, thus offering itself as a very suitable
candidate for structural studies. Structure, function, and
interaction studies of GIP with the C-terminal recognition
motif of different binding partners will provide us the insight
into the mechanisms of action of this multifunctional protein,
which is indeed a necessary prelude for successful drug
design. We report here an efficient method for production
of pure recombinant GIP, structural characterization by CD,
fluorescence and high-resolution solution NMR, and interac-
tion studies with 3 different binding partners. A mechanism
of the interactions of GIP with the partner protein recognition
motifs has been proposed.

EXPERIMENTAL PROCEDURES

Cloning and OVerexpression of GIP. The 1.3-kb cDNA
encoding GIP was originally cloned into the pJG4-5 vector
(23). This construct was used as template DNA for PCR.
To express only the 13.7 kDa GIP protein without any
additional residues, the open reading frame (ORF) sequence
was amplified and cloned into the NdeI/BamHI (Invitrogen)
sites of the pET-3c vector (Novagen), using the following
primers: forward, 5′-AGC-AGG-GTC-CAT-ATG-TCC-TAC-

ATC-CCG-3′, and reverse, 5′-CGG-CAG-GCA-GGA-TCC-
GCA-GAT-GGT-GG-3′. The recombinant pET-3c/GIP plas-
mid was transformed into Escherichia coli BL21 DE3pLys
cells, and expression was performed. Saturated LB-ampicillin
starter culture was diluted (1:25, v/v) in LB media and grown
at 37 °C to an A600 of 0.55. Expression was induced with 1
mM IPTG, and cells were harvested by centrifugation after
incubation for 4 h. Reducing the incubation temperature to
30 °C increased the soluble protein to some extent. The
bacterial cells, suspended in 50 mM phosphate buffer at pH
8 containing 200 mM NaCl, 4 mM EDTA, 4% glycerol, and
1 mM PMSF, were lysed by sonication. After centrifugation,
both supernatant and pellet-containing GIP inclusion bodies
(IBs) were collected. IBs were refolded as described below.
For production of 15N- and 15N,13C-labeled proteins, bacterial
cells were grown in minimal media containing 15N-labeled
ammonium chloride and either regular or 13C-labeled glucose.

Refolding of Chemically Denatured GIP Inclusion Bodies.
Approximately 6.5 mg of GIP IBs were weighed out in a
microfuge tube and washed with 10% B-PER (bacterial
protein extraction reagent, Pierce Biotechnology) solution
twice. The IBs were solubilized with 6 M guanidine
hydrochloride solution to a total volume of 1 mL and left
overnight at room temperature. Insoluble particles were
removed by centrifugation. Renaturation of GIP was initiated
by dilution with refolding buffer in the presence of 10%
R-cyclodextrin or 400 mM L-arginine or without any additive
(control experiment) at room temperature (Table S1 in
Supporting Information). The final concentration of guanidine
hydrochloride was 285 mM. The refolded protein was
subjected to purification as described below.

Purification of GIP. Both the soluble and refolded GIP
were purified in a single step by size exclusion chromatog-
raphy with a Sephacryl S-100 column (GE Healthcare) fitted
to an FPLC system using 20 mM phosphate buffer of pH
6.5, 150 mM NaCl, 1 mM EDTA and 0.1% NaN3 as the
mobile phase.

Western Blotting and In Vitro Pull-down Assay. Western
blotting was carried out on both soluble and refolded GIP
following the procedures reported earlier (8, 23).

Fluorescence. All fluorescence spectra were recorded on
a PerkinElmer Precisely LS 55 Luminescence spectrofluo-
rometer at 25 °C (λex 295 nm for acrylamide and 280 nm
for iodide and ligands). Emission spectra were recorded over
the range 300-500 nm with 1 nm steps. All experiments
were carried out in 20 mM phosphate buffer, pH 6.5, 150
mM NaCl, 0.1 mM EDTA and 0.01% NaN3. Stock solutions
of the quenchers were prepared in water at 5 M concentra-
tion. Aliquots of these solutions were directly added to a
cuvette containing 2 mL of 1-4 µM GIP. All titration
experiments were corrected to take into account the dilution
effect. Emission from the controls were corrected by record-
ing subtraction spectra between sample and control probes.

Circular Dichroism (CD). All circular dichroism (CD)
experiments were performed on a Jasco J-810 automatic
recording spectropolarimeter. Both far-UV and near-UV CD
spectra were measured in a 0.05 cm quartz cell at room
temperature. The buffer used was 20 mM phosphate buffer
(pH 6.5). The protein concentration was 10-20 µM. Data
were averaged over 100 scans for each protein sample and
over 50 scans for each control sample. Response time was
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1 s, and scan speed was 100 nm min-1. For tertiary structure
determination, 800 µM GIP was used.

Nuclear Magnetic Resonance (NMR). All NMR data were
collected at 298 K on a Bruker Avance 600 MHz spectrometer
equipped with triple resonance H/C/N TCI cryoprobe at the
Department of Chemistry and Biochemistry, Auburn University,
processed using NMRPipe (24), and analyzed using NMRView
(25). The sample contained ∼800 µM uniformly 15N/13C labeled
GIP, 50 mM phosphate buffer containing 5% D2O (pH 6.5), 1
mM EDTA and 0.01% (w/v) NaN3. The following spectra were
used for the sequential assignment of 1HN, 1HR, 15N, 13CR, 13C�

and 13CO resonances: 2D {1H,15N}-HSQC, 3D HNCACB, 3D
CC(CO)NH, 3D CBCACONH, 3D 15N edited HSQC-TOCSY
with a mixing time of 80 ms, 3D 15N edited HSQC-NOESY
with a mixing time of 200 ms, 3D HCCONH, 3D HNHA, 3D
HNCO and 3D HNCACO. 1HR, 13CR, 13C� and 13CO chemical
shifts were used to determine the secondary structure using the
programs PSSI (26) and PsiCSI (27, 28). Ligand titration
experiments were performed and monitored by a series of two-
dimensional 15N-edited HSQC experiments.

Interaction studies were carried out by titration of 100 µM
GIP with three different C-terminal target sequences: the
C-terminus of glutaminase (KENLESMV-COOH), �-catenin
(FDTDL-COOH), (FDTDL-CONH2) and FAS (NEIQSLV-
COOH). The amide chemical shift perturbations (∆δ) were
calculated as ∆δ ) |∆δ15N|/f + |∆δ1H| (29, 30). 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, 131.8-100.4 ppm
) 31.4 ppm; 1H range, 10.1-6.5 ppm ) 3.6; correction
factor f ) 31.4/3.6 ) 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. ModelTitr
program (31) was used to calculate dissociation constant
values of various residues of GIP. The target peptides were
obtained with >95% purity from Genemed Synthesis (CA),
Synbiosci (CA) or Chi Scientific (MA). The 5-20 mM stock
solutions of the above peptides were prepared in 10 mM
phosphate buffer at pH 6.5 for NMR, CD and fluorescence
titration experiments.

RESULTS

Protein Expression Optimization. The GIP gene was
cloned into the pET-3c vector. Protein expression was
optimized using three different E. coli strains, different
temperatures and different IPTG concentrations. BL21DE3-
pLys was found to be the best host for the expression of
GIP. GIP was produced primarily in IBs when expressed in
LB media (or minimal media) at 37 °C for 4 h (12 h for
minimal media) after induction with 1 mM IPTG. About 95%
of GIP was expressed in IBs at 37 °C in BL21DE3pLys cells.
The expression of soluble GIP was increased to some extent
by reducing the temperature to 30 °C. 15N-labeled and
15N,13C-labeled GIP were expressed in E. coli cells grown
in minimal media containing 15N-labeled ammonium chloride
and either regular or 13C-labeled glucose.

Refolding of Inclusion Bodies (IB). To optimize refolding,
8 different buffer conditions were used in the presence or
absence of additives (R-cyclodextrin or L-arginine) over a
pH range of 5.0 to 10.0 (Table S1 in Supporting Information).
The refolding data indicated that Tris-HCl buffer at pH 8.0

produced the highest yield of active GIP in the absence of
any additive. However, the yield increased by 5.6% with
the addition of 10% R-cyclodextrin and by 1.9% in the
presence of 400 mM L-arginine (Table S1 in Supporting
Information).

Protein Purification. Protein purification was optimized
by trying various methods. However, both soluble (Figure
1A) and refolded GIP (Figure 1B) were purified to homo-
geneity in a single step by size-exclusion chromatography
on a Sephacryl S-100 column (GE Healthcare).

Recombinant GIP was successfully isotope-enriched (both
15N and 15N,13C) and purified to homogeneity with the above
protocol. About 56 mg of pure uniformly labeled GIP (15N
or 15N,13C) was obtained per liter of bacterial culture.

Characterization and Interaction Studies of GIP. (a) In
Vitro Pull-down Assays. Protein activity of both soluble and
refolded recombinant GIP was confirmed in a pull-down
assay against recombinant GST-glutaminase, as described
previously (8, 23). Pulled-down GIP was revealed by a
Western blot using polyclonal anti-GIP antibodies from
rabbit. A clear band of GIP was revealed, confirming the
functionality of both soluble and refolded recombinant GIP
(data not shown).

(b) Characterization of GIP Using Circular Dichorism
(CD) and NMR Spectroscopy. The secondary structure of
GIP and the effect of different buffer conditions and pH on
GIP structure were characterized by far-UV CD spectros-
copy, which revealed that GIP is more structured in
phosphate buffer at pH 6.2. Deconvolution of CD data shows
that GIP contains 8.5% R-helix and 35.5% �-strand in
phosphate buffer at pH 6.2. Near-UV CD data indicated that
recombinant GIP has tertiary structure, an indication of
properly folded protein (Figure 1C). The well-dispersed

FIGURE 1: 15% SDS-PAGE gel: (A) SDS-PAGE analysis of pure
{13C,15N} soluble GIP after size exclusion chromatography. The
lanes are protein marker (M) and soluble GIP. (B) SDS-PAGE
analysis of pure refolded GIP after size exclusion chromatography.
The lanes are protein marker (M) and refolded GIP. (C) Near-UV
CD spectrum of GIP in phosphate buffer (pH 6.5) at 25 °C.
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resonances in 2D {1H,15N}-HSQC spectrum in phosphate
buffer also indicated that the recombinant proteins are well
folded.

(c) Effect of Acrylamide and Iodide on GIP Fluorescence
Emission. Tryptophan fluorescence of GIP was quenched
effectively by iodide and acrylamide. For each sample, the
emission maximum was observed at a wavelength of 353
nm (characteristic of solvent-exposed tryptophan) and did
not shift during titration. The Stern-Volmer equation (eq
1) was used to estimate the quenching constants. The
Stern-Volmer plots are approximately linear with quenching
constants Ksv(KI) ) 5.7, Ksv(acrylamide) ) 14.4 for refolded
GIP and Ksv(KI) ) 5.6, Ksv(acrylamide) ) 14.5 for soluble
GIP.

Io ⁄ I) 1+Ksv[Q] (1)

These results are consistent with the homology based
model structure of GIP, in which the side chain of Trp83 is
fully exposed to the solvent (Figure 2).

(d) Interactions of Target Protein Recognition Sequence
Motifs and GIP by Fluorescence Spectroscopy. Addition of
target peptides to GIP resulted in a small but consistent
decrease in fluorescence intensity (Figure S1 in Supporting
Information). The dissociation constant KD (KD ) 1/Ka) was
determined using the eq 2 (32):

log [C]f ) -log [Ka]+ log[(F0- Fc) ⁄ (Fc- Fi)] (2)

From the ordinate intercept of the double reciprocal plot of
F0/(F0 - Fc) versus 1/[C], where F0 and Fc are the
fluorescence intensities of the free protein and of the protein
at a peptide concentration [C], Fi, the fluorescence intensity
upon saturation of all the ligand binding sites, was obtained.
Assuming 1:1 ligand binding to protein, double logarithmic
plots were drawn. In the plot of log [(F0 - Fc)/(Fc - Fi)]
versus log [C], the abscissa intercept yielded the KD value
(the dissociation constant) for the protein-ligand interactions,
which is the reciprocal of Ka (the association constant).

The titration of C-terminal peptide sequence motifs of
glutaminase (KENLESMV-COOH), �-catenin (FDTDL-
COOH) and FAS (NEIQSLV-COOH) with GIP resulted in
a reduction in fluorescence intensity and yielded a dissocia-
tion constant of 1.66 µM, 1.94 µM and 2.64 µM respectively
(Figure S1 in Supporting Information). The free energy
changes of the association were calculated by using eq 3,

∆G)-RT ln Ka (3)

where Ka is the association constant, T is temperature and R
is universal gas constant.

The corresponding ∆G values for binding of glutaminase,
�-catenin and FAS C-terminus to GIP are -32.97 kJ mol-1,
-32.58 kJ mol-1, and -31.82 kJ mol-1 respectively, which
indicate the spontaneous nature of these bindings.

(e) Effect of Ligand Binding on GIP by CD. The effect of
ligand binding on GIP secondary structure was also inves-

FIGURE 2: Homology based 3D model structure of GIP. Secondary structure elements are indicated. The side chain of the tryptophan
residue, Trp83, and histidine residue, His90, are shown in blue and labeled. The figure was prepared with the program MOLMOL.
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tigated by CD spectroscopy. As most of the PDZ domain-
containing proteins require five to eight C-terminal residues
for ligand binding and specificity, GIP was titrated with the
peptides composed of the last 8 C-terminus residues of the
ligand glutaminase (KENLESMV-COOH), the last 5 residues
of the ligand �-catenin (FDTDL-COOH), and the last 7
residues of the ligand FAS (NEIQSLV-COOH).

All these peptides have very negligible contribution to the
CD spectra, which is almost equivalent to the phosphate
buffer. The titration of GIP with all three peptides causes
significant secondary structure changes in the CD spectra of
GIP (Figures S2-A, B and C in Supporting Information).
However, unlike the glutaminase C-terminal protein recogni-
tion sequence motif, a small amount of white precipitation
formed during the titration of �-catenin and FAS C-terminal
protein recognition sequence motifs with GIP. Deconvolution
of the CD data of GIP-ligand complexes was performed
and the secondary structure content was calculated using the
program CDPro (33). The deconvolution results indicate that,
for all three ligands, the percentage of helix and random coil
structure content decreases with increasing concentration of
ligand while the percentage of �-sheet content increases.
Overall for the three complexes, the helix content is reduced
by 30-60%, random coil content is reduced by 5-10% and
the �-sheet structure content is increased by 18-27%.

(f) Interaction of GIP with C-Terminal Target Protein
Sequence Motifs by {1H,15N}-HSQC NMR. NMR is a very
useful technique for monitoring structure-activity relation-
ships (SAR) in studies of protein-protein or protein-ligand
interactions (34). In the 2D {1H,15N}-HSQC spectra, the
chemical shifts of residue/s involved in ligand binding do
change. This region is extremely sensitive; any perturbation
in the chemical shifts or resonances from the original
positions is indicative of the change in the conformation of
the protein. This change can be local, involving a few
residues, or it may be an overall conformational change
involving most of the residues in the protein. To investigate
the binding and possible conformational change in GIP,
titration studies were carried out with the three C-terminal
peptide targets while monitoring the fingerprint region of
the protein in the 2D {1H,15N}-HSQC spectra. NMR titration
studies were performed for GIP with excess (g70 times)
ligand. Analysis of the HSQC spectra of the titration studies
indicate that significant changes in the chemical shift
positions occur for the complex/es. Overlays of the HSQC
spectra collected in the absence and presence of different
concentrations of target peptides are shown in Figures 3, 4
and 5. The chemical shift positions of most residues of free
GIP were perturbed in the HSQC spectra upon binding to
C-terminal target protein recognition sequence motifs. Dis-
sociation constant (KD) values for various residues of GIP
were calculated assuming binding stoichiometry 1:1 (Table
S2 in Supporting Information). Estimates for dissociation
constants (KD), measured using fluorescence and NMR
techniques, have ranged from low micromolar to mid
micromolar indicating moderate affinities. It should be noted
here that, depending upon techniques used, and the initial
protein concentration required for a particular technique,
dissociation constant does vary (35-37).

We observed that the free FAS peptide precipitated out
from the buffer slowly with time. Some precipitation was
observed during the CD and HSQC titration experiments of
both �-catenin and FAS peptides with GIP, although the
signal-to-noise ratio (S/N) of the protein was not significantly
affected. However, we did not find any precipitation (by
visual inspection) during titration studies carried out by
fluorescence measurements. Unlike the FAS C-terminal
peptide, �-catenin C-terminal peptide was stable in aqueous
buffer solution, although freshly prepared ligand was always
used for all titration studies. It is important to mention here
that C-terminal amidated �-catenin peptide (FDTDL-
CONH2) does not interact with GIP (data not shown) while
the unprotected C-terminal peptide (FDTDL-COOH) does
bind to GIP.

(g) Chemical Shift Perturbation of GIP upon Binding to
Glutaminase, �-Catenin and FAS C-Termini. Chemical shift
mapping is a powerful method to investigate possible
protein-ligandinteractionsbyNMR.ToinvestigateGIP-ligand
binding, we studied the interaction of GIP with C-terminal
sequence motifs of target proteins by NMR. In the {1H,15N}-
HSQC spectra, the amide proton and nitrogen resonances
of most residues shifted gradually with increasing ligand
concentration, indicating that the complexes were in fast
exchange on the NMR time scale except for few residues
which were found to be in intermediate exchange. Glutami-
nase C-terminal motif caused pronounced chemical shift
changes in the {1H,15N}-HSQC spectrum of GIP. Residues
with large chemical shift changes (greater than 0.1 ppm) of
their backbone amide signals were found to cluster in several
regions of the GIP sequence while interacting with glutami-
nase C-terminus, in particular, Gln17-Arg22, Ile37-Gln39,
Ser42-Gln43,Val80-Asn81,Thr98-Glu102,Val104-Arg106
and Tyr56 (Figure S3-A in Supporting Information). How-
ever, residues Gly34, Gln39, Ile55, Tyr56, Glu62, Met78
and Met87 showed chemical shift changes greater than 0.2
ppm (highly shifted amide groups). The resonances of several
residues particularly Ile28, Leu29, Gly30, Ile33 and Gly35
located in the �2 strand showed severe broadening, indicating
the presence of conformational exchange phenomena. The
largest chemical shift changes also occurred in the long
stretch Ile28-Gln39, which corresponds to the �2 strand.
Analysis of the chemical shift differences between the GIP
and the GIP-�-catenin complex revealed that the largest
changes in the amide resonance frequencies occur for Arg106
and the residues in the polypeptide segments Ile28-Gln39,
Ile55-Gly76 and Thr86-Arg96 which correspond to �2,
�3, R1, �5, R2 (Figure S3-B in Supporting Information).
Residues Leu29 and Gly30 also show conformational
exchange. The chemical shift perturbation map of the
GIP-FAS complex indicated that many residues are affected
from different regions of the protein. The chemical shift
difference between the GIP and GIP-FAS complex revealed
that the largest changes in the amide resonance frequencies
occur for Glu17-Gln23, Phe31-Gln39, Glu48-Thr58,
Ser61-Glu62,Glu67,Ala69,Arg94-Glu102,Val105-Arg106,
Arg111, and Lys116 (Figure S3-C in Supporting Informa-
tion). Residues Gly30, Ile28, and Leu29 show conformational
exchange. These results indicate that the protein undergoes
a conformational change upon binding to ligands.

(h) Sequential Assignment. Assignment of 1HN, 1HR, 15N,
13CR, 13C� and 13CO backbone resonances was carried out
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based upon three-dimensional heteronuclear triple resonance
experiments that used one- and two-bond scalar couplings
to connect the atoms. 3D 15N-edited HSQC-NOESY, how-
ever is based upon dipolar coupling (38). The 2D {1H,15N}-
HSQC spectrum with single-letter amino acid code with
residue number is shown (Figure 6). Out of 119 non-proline
residues, backbone resonance assignment was completed for
all residues except Met1 and Leu108, for which only the
13CR, 13C� and 13CO resonances were assigned from cross
peaks with their adjacent residues, Ser2 and Val109 respec-
tively. 13C� and 13CO resonances were not assigned for
Leu107, as both Leu107 and Leu108 signals were very weak.
1HR and 13C� resonances were not assigned for Leu29 and
Leu71, respectively, as no peaks were detectable. 1HR, 13CR,
13C� and 13CO resonances for all five proline residues were
detected from their interactions with their adjacent residues.
Local conformational heterogeneity complicated the assign-

ments of the N-terminal segment. Gly6 and Ile4 show
multiple peaks in the 2D {1H,15N}-HSQC. Gly6 showed two
peaks in the 2D {1H,15N}-HSQC; however it is adjacent to
Pro5, and the peak doubling could be due to the cis-trans
conformation of Pro5. From the ratio of the intensities of
the two Gly6 cross peaks, it appears that the Pro5 cis-trans
conformations are present in a ratio of 1:10 at pH 6.5 and
298 K. It should be noted that this conformational change
from residues 4-6 occurs on the second time scale due to
the appearance of two distinct Gly6 peaks. Normally proline
residues in proteins tend to be in the trans-conformation 95%
of the time, and 5% of the time in the cis-conformation.

(i) Secondary Structure. The secondary structure was
calculated on the basis of 1HN, 1HR, 15N, 13CR, 13C� and 13CO
chemical shifts using the program PSSI, which also corrected
the inconsistencies in 13C and 15N chemical shift references.
The assigned chemical shifts were referenced according to

FIGURE 3: Changes of 2D {1H,15N}-HSQC spectrum upon addition of glutaminase (KENLESMV) to 100 µM GIP. (a) The 2D {1H, 15N}-
HSQC spectrum demonstrating chemical shift perturbations of residues upon titration of glutaminase (KENLESMV) to GIP. Ratios of GIP
to glutaminase ranges from 1:0 to 1:70. (b) Expanded regions of the spectrum demonstrating chemical shift perturbations of residue E17
upon titration of GIP with glutaminase (KENLESMV). Ratios of GIP to glutaminase are 1:0 (black), 1:0.2 (magenta), 1:0.4 (green), 1:0.8
(red), 1:1 (yellow), 1:50 (blue), 1:70 (red). (c) NMR titration curve for the titration of GIP with glutaminase (KENLESMV). The plot
shows the changes in the chemical shift of D38 induced by the addition of glutaminase (KENLESMV), versus the peptide concentration.
Dashed line is the titration curve as fitted by the program modelTitr from NMRPipe. The apparent dissociation constant KD corresponding
to residue D38 was determined by fitting the chemical shift change of the residue. The determined KD value is 14.5 ( 2.3 µM.
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the PSSI results and exported to the PsiCSI program for the
secondary structure calculation. These results indicate that
at pH 6.5 and 298 K GIP consists of six �-strands and two
R-helices with residues: 11-23 (�1), 27-35 (�2), 54-60
(�3), 64-70 (R1), 76-81 (�4), 83-88 (�5), 90-100 (R2)
and 103-112 (�6) (Figure 7).

(j) Molecular Model and Refinement. A molecular model
was constructed for the residues ranging from Leu29 to
Leu108 using the coordinates of the second PDZ domain of
human scribble protein (PDB code 1whaA), which is similar
but nonidentical to GIP. Human scribble protein shares 43%
sequence identity with GIP. The rough model was con-
structed with SWISS-MODEL (39, 40), solvated and sub-
jected to constraint energy minimization with the program
GROMACS (41). The three-dimensional visualization was
performed on a UNIX workstation using the MOLMOL
program (42).

DISCUSSION

Because GIP plays a pivotal role in many cellular signaling
pathways, it is considered an excellent drug target (43). For

successful drug design, understanding the mechanisms of
protein-protein interactions, binding, recognition and speci-
ficity are very critical.

Recombinant GIP has been produced in minimal media
with a yield of 56 mg/L for structural, functional and
protein-protein interaction studies. Cyclodextrin was found
to be a good additive for refolding of recombinant proteins.
The yield of functionally refolded GIP was increased by
>5% when refolding of IBs was carried out with cyclodex-
trin. The single tryptophan residue present in the GIP protein
is a convenient feature for fluorescence studies. Tryptophan
acts as an ideal intrinsic fluorescence probe, as it has the
largest molar absorption coefficient, and its fluorescence
intensity (IF) and wavelength of maximum intensity (λmax)
are sensitive to the microenvironment of the indole group
(44). The λmax of the tryptophan residue of GIP was red-
shifted to 353 nm, characteristic of a solvent-exposed
tryptophan side chain. The tryptophan side chain is highly
accessible to both acrylamide and potassium iodide (45, 46)
quenchers. The Ksv value for acrylamide corresponds closely
with that of solvent-exposed tryptophan; the Ksv values

FIGURE 4: Changes of 2D {1H,15N}-HSQC spectrum upon addition of �-catenin (FDTDL-COOH) to 100 µM GIP. (a) The 2D {1H,15N}-
HSQC spectrum demonstrating chemical shift perturbations of residues upon titration of �-catenin (FDTDLCOOH) to 100 µM GIP. Ratios
of GIP to �-catenin (FDTDL) range from 1:0 to 1:90. (b) Expanded regions of the spectrum demonstrating chemical shift perturbations of
residue L71 upon titration of GIP with �-catenin (FDTDL). Ratios of GIP to �-catenin (FDTDL) are 1:0 (black), 1:0.4 (cyan), 1:1 (magenta),
1:20 (yellow), 1:70 (red), 1:90 (green). (c) NMR titration curve for the titration of GIP with �-catenin. The plot shows the changes in the
chemical shift of L71 induced by the addition of �-catenin, versus the peptide concentration. Dashed line is the titration curve as fitted by
the program modelTitr from NMRPipe. The apparent dissociation constant KD, corresponding to residue L71, was determined by fitting the
chemical shift change of the residue. The determined KD value is 21.6 ( 3.5 µM.
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derived from acrylamide quenching of soluble and refolded
GIP are 14.5 M-1 and 14.4 M-1, compared with 14.5 M-1

for N-acetyltryptophanamide (47). Iodide quenching is less
efficient than that of acrylamide: the Ksv values for soluble
and refolded GIP are 5.6 M-1 and 5.7 M-1 compared to 12.0
M-1 for N-acetyltryptophanamide (47). This decrease in Ksv

value generated by iodide quenching of the fluorophore may
be due to negatively charged neighboring residues at the
operating pH of 6.5.

Fluorescence studies for all three ligands show consistent
quenching of intrinsic tryptophan fluorescence intensity upon
binding, which is indicative of a change in the environment
of the fluorophore. The binding of the ligand to the protein
may directly affect the fluorescence of a tryptophan residue
with the ligand acting as a quencher, or by physically
interacting with the fluorophore and thereby changing the
polarity of its environment and/or its accessibility to solvent.
Alternatively, the ligand may bind at a site on protein remote

FIGURE 5: Changes of 2D {1H,15N}-HSQC spectrum upon addition of FAS (NEIQSLV) to 100 µM GIP. (a) The 2D {1H,15N}-HSQC
spectrum demonstrating chemical shift perturbations of residues upon titration of FAS (NEIQSLV) to GIP. Ratios of GIP to FAS (NEIQSLV)
range from 1:0 to 1:100. (b) Expanded regions of the spectrum demonstrating chemical shift perturbations of residue E17 upon titration of
GIP with FAS (NEIQSLV). Ratios of GIP to FAS (NEIQSLV) are 1:0 (black), 1:0.4 (magenta), 1:3 (cyan), 1:5 (yellow), 1:10 (blue), 1:50
(red), 1:100 (green). (c) NMR titration curve for the titration of GIP with FAS (NEIQSLV). The plot shows the changes in the chemical
shift of E67 induced by the addition of FAS (NEIQSLV), versus the peptide concentration. Dashed line is the titration curve as fitted by
the program modelTitr from NMRPipe. The apparent dissociation constant KD corresponding to residue E67 was determined by fitting the
chemical shift change of the residue. The determined KD value is 19.7 ( 2.1 µM.
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from the tryptophan residue but can induce a protein
conformational change, altering the microenvironment of the
tryptophan (48). From our data, it could be concluded that
the solvent exposed tryptophan of GIP was not directly
involved in ligand binding; rather the ligands induced a
conformational change of the GIP and thus altered the
microenvironment of the tryptophan. The dissociation con-
stants determined from the fluorescence intensity measure-
ments revealed that the three ligands bind to GIP with similar
affinities in the range of 1-10 µM. These moderate affinities
are probably suitable for regulatory functions (49).

Deconvolution of CD data show that the amount of helix
and random coil content in GIP decreases with increasing
concentration of ligand while the amount of �-sheet in-
creases. Thus the qualitative CD structural analysis is in
excellent agreement with 2D HSQC titration data, which
show chemical shift perturbation of GIP upon ligand binding.

It is worth noting that, from our NMR backbone assign-
ment, Pro5 shows cis-trans isomerism, which results in
multiple peaks of different intensities for its immediate
neighboring residues, Ile4 and Gly6. Pro5 may play a key
role in neurotransmitter-gated ion channel regulation by its
cis-trans isomerism (50), and it may be associated with the
neurotransmitter glutamate in the control of the ion channels
in the synaptic junctions.

The secondary structure calculations from PSSI and PsiCSI
show that the structure of GIP comprises 6 �-strands
(�1-�6) and 2 R helices (R1 and R2) (Figure 7). The three-
dimensional model of GIP (Figure 2) shows that the major
part of the protein consists of a five-strand antiparallel
�-sandwich formed by a three-strand �-sheet (�4, �5 and
�6) and a two-strand �-sheet (�2 and �3). In the three-
dimensional model, R2 orients parallel to �2, thus forming
a groove, where the ligands for PDZ domain bind. The

FIGURE 6: 2D {1H,15N }-HSQC spectrum of GIP at pH 6.2 and 25 °C. The assignment of the GIP is labeled in the HSQC spectrum.
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mapping of ligand-induced chemical shift perturbations
clearly indicates that the ligands bind to the canonical binding
pocket, the �2 and R2 groove of GIP.

One important difference between the PDZ domain of GIP
and other known PDZ domains is the substitution of the first
glycine in the carboxylate-binding motif GLGF by Ile. The
GLGF motif is highly conserved among PDZ domain. The
second glycine in the GLGF motif is absolutely conserved,
but a serine, threonine, or proline replaces the first glycine
in a minority of PDZ domains (3). The exception to the
GLGF motif is the PDZ domain of PDZ2 from human
phosphatase hPTP1E with the SLGF motif (51). The strict
requirement of a C-terminal free carboxyl group of the target
protein for binding to PDZ domain is confirmed by the
observation that C-terminal protected �-catenin (FDTDL-
CONH2) does not bind to GIP, since there is no change in
the 2D HSQC titration data (data not shown). According to
the peptide binding mechanism of class I PDZ domain (52),
His90 in the R2 helix should contribute significantly to the
binding of ligands C-termini i.e. the N-3 nitrogen of His
residue might be forming a specific hydrogen bond with the
hydroxylated side chains of either a serine or threonine
residue, thus probably giving rise to preference for a
particular residue at the P-2 position of class I PDZ domains.
In fact, our HSQC titration results confirm that the chemical
shift of His90 is affected greatly by the binding to C-termini
recognition motifs of the target proteins.

It is clear from our HSQC titration data that chemical shifts
for many of the amide signals of GIP change upon complex
formation, which suggests that a significant conformational
change in GIP might be occurring upon binding of ligands.
How does the PDZ domain of GIP recognize different target

sequences? What is the mode of interaction and recognition
of these targets by the PDZ domain of GIP? A detailed
structure-function investigation is needed to answer these
questions.

CONCLUSIONS

The studies performed in this work represent important
steps toward understanding the structure, and mode of
interactions of a PDZ domain-containing multifunctional
human protein. Results presented here also indicate that GIP
undergoes a conformational change upon binding to ligand
peptides. The 3D structure determination of GIP by high-
resolution solution NMR is in progress. Structure, function,
and interaction studies of GIP with different binding partners
are critical to provide the insight into the mechanisms and
role of this PDZ domain containing human protein in
recognition, signaling and tumorigenesis, which indeed is a
necessary prelude for successful drug design. Indeed, all the
signal transduction pathways involving GIP can lead to
cancer when unregulated. In fact, GIP regulates many of
these signaling processes through its PDZ domain. To get
an insight into cellular signaling, it is critical that we
understand protein-protein interactions and how these
communications regulate the well-being of a cell. Under-
standing the mechanisms of protein-protein interaction is a
key step in addition to mapping out the signaling networks
that engage PDZ domains.
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