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Protein interaction networks are essential for maintaining
order and directing the flow of traffic within cells. These

networks are mediated by proteins composed of one or more
protein�protein interaction domains such as SH2,1 SH3,2 PH,3

PDZ,4 and others.5 PDZ domains are named for the three
founding members: Post Synaptic Density 95 (PSD-95), Discs
Large (Dlg), and Zonula Occludentes (ZO-1).6 PDZ domains
are small protein�protein interaction motifs that contain
80�100 amino acid residues. They form a compact domain
primarily composed of one or two R-helices and five or six
β-strands. They can be found in animal species, with homologous
domains also observed in yeast and plants.7,8 Proteins containing
PDZ domains are often involved in signaling pathways and act as
scaffolds in the organization of multimeric complexes, frequently
in tandem with other protein�protein interaction modules.5 As
specialized protein interaction motifs, PDZ domains are best
known for binding the unstructured C-terminal tails of their
binding partners. However, rarely PDZ domains can bind to
internal motifs that structurally mimic a C-terminus.9,10 On the
basis of the sequence specificity of the interacting proteins, PDZ
domains are broken down into a number of different classes: class
I (X-S/T-X-Φ-COOH), class II (X-Φ-X-Φ-COOH),5 class III
(X-E/D-X-Φ-COOH),11 and various other minor classes,12

where Φ is any hydrophobic residue and X is any residue.
One such PDZ domain-containing protein that intersects a

number of important biological pathways is known as either
glutaminase interacting protein (GIP)13 or Tax interacting
protein (TIP-1)14 based on the bait proteins used to find
interacting partners. Human GIP is a 124-residue protein that
is highly unusual among PDZ domain-containing proteins in that
it is comprised almost exclusively of a single PDZ domain rather

than one of many domains as part of a larger protein.5 To date,
GIP has been shown to interact with a number of different
proteins, including glutaminase L,13 β-catenin,15,16 FAS,17,18

HTLV Tax,14 HPV E6,19 rhotekin,20 and Kir 2.3.21,22 β-Catenin
and rhotekin are important in the Wnt and Rho signaling
pathways, respectively. FAS is a member of the tumor necrosis
factor (TNF) family of receptors, while HTLV Tax and HPV E6
are both viral proteins from oncogenic viruses. Finally, the
inward-rectified potassium channel Kir 2.3 is known to be
regulated by GIP in renal epithelial cells. These proteins all
contain the PDZ class I (X-S/T-X-I/L/V-COOH) binding
motif. Thus, in addition to its regulation of glutaminase L, which
has been shown to be upregulated in various cancers,23�25 GIP
has been shown to be involved in a variety of different cancer and
cell signaling pathways with its numerous binding partner
proteins. Sequence alignment of all of these currently known
binding partners reveals the optimal consensus sequence for GIP
binding to be E-S-X-V-COOH (Table 1).

The importance of GIP as a scaffolding protein in the
mammalian brain has been implicated by the demonstration of
the presence of both GIP and glutaminase L in astrocytes and
neurons.26 Glutaminase, which is activated by inorganic phos-
phate, catalyzes an important energy generation reaction in
mammalian tissues using glutamine as a substrate to produce
glutamate and ammonia.27 Glutaminase is also involved in
synaptic transmission, hepatic ureagenesis, renal ammoniagene-
sis, and regulation of cerebral concentrations of glutamine and
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ABSTRACT: The glutaminase interacting protein (GIP) is
composed of a single PDZ domain that interacts with a growing
list of partner proteins, including glutaminase L, that are
involved in a number of cell signaling and cancer pathways.
Therefore, GIP makes a good target for structure-based drug
design. Here, we report the solution structures of both free GIP
and GIP bound to the C-terminal peptide analogue of glutami-
nase L. This is the first reported nuclear magnetic resonance
structure of GIP in a complex with one of its binding partners.
Our analysis of both free GIP and GIP in a complex with the glutaminase L peptide provides important insights into how a
promiscuous binding domain can have affinity for multiple binding partners. Through a detailed chemical shift perturbation analysis
and backbone dynamics studies, we demonstrate here that the binding of the glutaminase L peptide to GIP is an allosteric event.
Taken together, the insights reported here lay the groundwork for the future development of a specific inhibitor for GIP.
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glutamate.13,28 There are two isoforms of the glutaminase
enzyme; one is the kidney-type (K) isozyme, which is encoded
by a gene located in chromosome 2, and the other is the liver-type
(L) isozyme, whose coding gene locus is in chromosome 12.29

Immunostaining demonstrated that glutaminase L localizes to
neuronal nuclei and glutaminase K to mitochondria, suggesting a
role of GIP in determining the subcellular distribution of
glutaminase L as well as potential interactions with other nuclear
proteins.30 In both tumor cells and normally dividing cells,
glutamine catabolism has been shown to be a key pathway in
the process of bioenergetics.31�33 The C-terminus of glutamin-
ase L has been reported to interact with several PDZ domain-
containing proteins such asR-1-syntrophin (SNT) and GIP. The
C-terminal end of glutaminase L contains a class I binding motif
(ESMV-COOH), whereas its K counterpart lacks this motif,
allowing the two isoforms to be differentially regulated and
spatially localized, even when they are present in the same tissue.29

Here, we report the first nuclear magnetic resonance (NMR)
solution structure of a complex formed between GIP and the
C-terminal peptide analogue of glutaminase L that has the
sequence KENLESMV hereafter termed the glutaminase L
peptide. We also demonstrate that ligand binding perturbs both
NMR chemical shifts and backbone dynamics within GIP,
providing important insights into the binding mechanism. The
comparative structural analysis of the free and bound states of
GIP provides specific knowledge about how this protein interacts
with the glutaminase L peptide. Furthermore, our analysis also
provides insight into the way GIP can interact with multiple
different binding partners. Finally, it sets the groundwork for the
design of a small molecule inhibitor for GIP that would have
specificity for a number of class I PDZ domains because of their
promiscuity with respect to many binding partners.

’MATERIALS AND METHODS

Cloning, Overexpression, and Purification of 15N- and 13C-
Labeled GIP. Following the procedure described previously,17

we transformed the recombinant pET-3c/GIP plasmid into
Escherichia coli BL21(DE3)pLysS cells and expressed it in M9
minimal medium containing 15N-labeled ammonium chloride
and 13C-labeled glucose. An overnight culture was diluted 1:25
(v/v) in minimal medium and grown at 37 �C to an OD600 of
0.4�0.5. Expression was then induced with 1 mM IPTG at 30 �C,
and after incubation for 15 h, the cells were harvested by centrifuga-
tion. The harvested cells were lysed by sonication using lysis buffer,

which contains 50 mMphosphate buffer (pH 8) as well as 200 mM
NaCl, 4 mM EDTA, 4% glycerol, and 1 mM PMSF. After
centrifugation of the lysed cells, the supernatant was retained for
further purification. 15N- and 13C-labeled GIP was purified, and the
NMR sample was prepared following the protocol described
previously.17

Collection of NMR Data. All NMR data were collected on a
Bruker Avance 600 MHz spectrometer with a triple-resonance
1H/13C/15N TCI cryoprobe equipped with z-axis pulsed field
gradients at either the Department of Chemistry and Biochem-
istry of Auburn University (Auburn, AL), Bruker BioSpin Corp.
(Billerica, MA), or the New York Structural Biology Center
(New York, NY). The data were processed using NMRPipe34

and analyzed using NMRView35 or Sparky.36 For the determina-
tion of structure, samples between 500 μM and 1 mM of
uniformly 15N- and 13C-labeled GIP in 50 mM phosphate buffer
containing 5% D2O (pH 6.5), 1 mM EDTA, and 0.01% (w/v)
NaN3 were prepared either with or without addition of the
glutaminase L peptide (Chi Scientific, Maynard, MA) at a 1:3
protein:peptide ratio. All NMR experiments were performed at
298 K. To determine the 15N T1 values, NMR spectra were
recorded with relaxation delays of 10, 600, 50, 500, 100, 400, 200,
300, and 10 ms. To determine 15N T2 values, NMR spectra were
recorded with delays of 17, 153, 34, 17, 136, 51, 119, 68, 102, 85,
and 34 ms. The relaxation times were randomized and some
points repeated to prevent any systematic errors that may have
arisen when the data were collected sequentially. The relaxation
rates were calculated by least-squares fitting of peak heights
versus relaxation delay to a single exponential decay. Steady-state
1H�15N NOE values were calculated from the ratio of peak
heights in a pair of NMR spectra acquired with and without
proton saturation. For backbone and side chain assignments of
both free GIP and the GIP�glutaminase L peptide complex, the
following spectra were recorded at 298 K: two-dimensional (2D)
1H�15N HSQC,37 three-dimensional (3D) HNCACB,38 3D
CC(CO)NH,39 3D CBCA(CO)NH,38 3D 15N-edited HSQC-
TOCSY40,41 with an 80 ms mixing time, 3D HCC(CO)NH,39

3D HNHA,42 3D HNCO,39 and 3D HN(CA)CO.43 NOE
distance restraints were collected from 3D 15N-edited HSQC-
NOESY40,41,44 and 3D 13C-edited HSQC-NOESY40,41,44 spectra
with the 13C carrier frequency in the aliphatic (44 ppm) and
aromatic (125 ppm) regions and mixing times of 140 ms for 15N
and 110 ms for 13C. For the determination of the complex
structures of GIP with the glutaminase L peptide, selectively
filtered 2D NOESY45 experiments with a mixing time of 100 ms
and 3D 15N-filtered and 3D 13C-filtered NOESY experiments, each
with mixing times of 120 ms, were performed.46 The backbone and
side chain assignments of the glutaminase L peptide were obtained
with an unlabeled peptide sample (∼4 mM) from the following
spectra: 2D 1H�15N HSQC, 2D 1H�13C HMQC, homonuclear
2D TOCSY47 and ROESY48 each with a mixing time of 60 ms.
Chemical Shift Perturbation Analysis. The combined che-

mical shift perturbation (ΔHN) is given by the equationΔHN =
{(Hf � Hb)

2 þ [(Nf � Nb)/10]
2}1/2. A scaling factor of 10 was

used to normalize the differences in the 1H and 15N spectral
widths.Hf,Hb,Nf, andNb are the chemical shifts of each residue’s
amide 1H and 15N in the free (GIP alone) and bound
(GIP�glutaminase L peptide complex) states, respectively.
The combined chemical shift perturbation (ΔHC) is given by
the equation ΔHC = {(Hf � Hb)

2 þ [(Cf � Cb)/4]
2}1/2. A

scaling factor of 4 was used to normalize the differences in the 1H
and 13C spectral widths.Hf,Hb, Cf, and Cb are the chemical shifts

Table 1. Sequential Alignment of C-Terminal Binding Part-
ners of GIP
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of each residue’sR 1H and 13C in the free (GIP alone) and bound
(GIP�glutaminase L peptide complex) states, respectively.
Analysis of Dynamics Data.Measured relaxation parameters

R1 and R2 and the steady-state 1H�15N NOE for each residue
were used as inputs in Modelfree version 4.15 developed by
Palmer et al.49,50 to analyze 15N backbone dynamics. The τc
values for both free GIP and the GIP�glutaminase L peptide
complex were calculated using Tensor2 for the core region of
A11�Q112.51,52 Of five different models, the best one was
chosen according to the selection criteria49 to obtain the order
parameter (S2) that represents the degree of spatial restriction
within the 1H�15N bond vector. These values range from zero
for completely isotropic internal motions to unity for totally
restricted motion and represent dynamics on the picosecond to
nanosecond time scale.
Structure Calculation and Refinement. A total of 4303 and

2866 NOE cross-peaks were assigned manually using Sparky36

for free GIP and the GIP�glutaminase L peptide complex,
respectively. The assignments were corrected or confirmed with
the NOEASSIGN module of CYANA 2.1,53 using the standard
protocol of eight iterative cycles of NOE assignment and structure
calculation. Alternately, the CANDIDmodule of CYANA 1.0.6 was

used on the complex to initially fit the glutaminase L peptide into the
binding pocket of GIP because it allowed the intermolecular
assignments to be fixed separately from the intramolecular assign-
ments. To calculate the complex structure, 36 glycine residues were
added as a flexible linker between the protein and the peptide. A
total of 118 dihedral angles restraints were derived from TALOS54

based on the chemical shift index (CSI) and primary sequence of
GIP for both free protein and protein�peptide complex calcula-
tions. Additionally, a total of 64 and 66 hydrogen bond distance
restraints (two restraints per bond) for the free protein and the
protein�peptide complex, respectively, were derived from the CSI
by TALOS. During the iterative NOE assignments, a total of 1134
and 490 assignments for free GIP and the GIP�glutaminase L
peptide complex were removed because of overlap, redundancy, or
unresolved ambiguity that resulted from low stringency in the initial
peak picking phase and high stringency in the final assignments. The
final assignments averaged over 25, 18, and 12NOEs per residue for
the free protein, the protein in the complex, and the peptide in the
complex, respectively. Final refinement of the 100 lowest-energy
structures of the 200 total calculated structures was performed with
the water refinement protocol implemented in ARIA.55 The 20
structures with the lowest potential energy and best Ramachandran
statistics as assessed by PROCHECK56 were selected for analysis.
The structures were visualized with VMD, and figures were created
using Pymol.57,58 Table 2 shows the complete structural statistics for
both structures.

’RESULTS

Determination of NMR Structures of Free GIP and the
GIP�Glutaminase L Peptide Complex. We have previously
reported the backbone assignments of free GIP,17 which is a
crucial initial rate-limiting step prior to full structural determina-
tion. Subsequently, the NMR structure of free GIP was reported
by Durney et al.59 We find good agreement between both
structures of free GIP. We had previously examined the binding
of several peptides representing the C-termini of various pro-
teins, including β-catenin, FAS, and glutaminase L.17 To under-
stand the molecular mechanism of binding of a ligand to GIP, we
have initiated a detailed structural characterization of not only
the free protein but also GIP in complex with its various binding
partners, starting with the glutaminase L peptide. While titrating
the glutaminase L peptide into GIP, we were able to track the
movements of individual peaks within the 1H�15N HSQC
spectra, because most of the protein resonances are in the fast-
exchange time scale. However, the peak intensities of amino acid
residues I18, L21, I28�G35, Q39, D40, Q43, N44, E48, I55, E62,
A66, E67, A69, and R96 either are greatly diminished or
completely disappear below the noise threshold, presumably
because of intermediate to slow exchange. Once GIP approaches
saturation and the bound state predominates, these resonances
that had disappeared earlier reappear, often in remote regions of
the HSQC spectrum relative to their original positions. This
caused considerable uncertainty with respect to the assignments
of many of the residues predicted to be critical to complex
formation, such as I28�E48 and R96, which are located within
strand β2, the β2�β3 loop, and helix R2. This evidence suggests
that the interaction between the protein and peptide primarily
proceeds through the β-strand addition mechanism7 rather than
a direct interaction with helix R2. The observation of intermedi-
ate to slow exchange also suggests that there are some long-range
allosteric interactions within the protein due to ligand binding, as

Table 2. NMR Structural Statistics for the 20 Selected Low-
est-Energy Structures of Free GIP and the GIP�Glutaminase
L Peptide Complex

free GIP

GIP�glutaminase

L complex

no. of assignments

sequential (|i � j| = 1) 871 718

medium-range (2 e |i � j| e 4) 331 241

long-range (|i � j| > 4) 622 360

intermolecular 0 37

no. of hydrogen bondsa 64 66

no. of dihedral constraintsb 118 118

ensemble averagec

total energy �3625 ( 125 �4816 ( 175

NOE energy 1131 ( 189 1586 ( 302

VDW energy �937 ( 75 �1096 ( 67

bond energy 85 ( 5 170 ( 8

dihedral energy 657 ( 10 749 ( 13

angle energy 318 ( 22 434 ( 26

improper energy 963 ( 78 1009 ( 89

electrostatic energy �4712 ( 67 �6082 ( 123

Ramachandran plotd

favorable 68.6 71.2

additionally allowed 26.6 24.3

generously allowed 3.4 2.7

disallowed 1.5 1.8

rmsd (Å)e

well-ordered backbone 0.45 0.67

well-ordered side chain 0.92 1.28
aHydrogen bonds were defined by a set of two distance restraints per
bond for residues of predicted secondary structure based on TALOS54

predictions from CSI. bDihedral constraints were derived from TA-
LOS54 predictions from CSI. c Energy terms were calculated with the
water refinement module of ARIA 1.2.55 dRamachandran plot statistics
were calculated with PROCHECK.56 eWell-ordered regions included
residues 11�19, 29�36, and 54�112.



3531 dx.doi.org/10.1021/bi102055y |Biochemistry 2011, 50, 3528–3539

Biochemistry ARTICLE

this phenomenon was also seen for a number of residues that
were not a direct part of the predicted binding region, such as I18,
I55, and E62�A69, which belong to strands β1 and β3 and helix
R1, respectively.
Likewise, the 1H�13C HSQC spectra were remarkably differ-

ent between free GIP and the GIP�glutaminase L peptide
complex. Because of the severe overlap of carbon and proton

chemical shifts and the large chemical shift perturbations within
GIP assignments, there was considerable uncertainty about the
identity of a number of key protein side chain assignments solely
on the basis of the previously assigned free GIP. Therefore, to
determine the structure of the GIP�glutaminase L peptide
complex, we assigned all 15N, 13C, and 1H resonances from
GIP in the free and complexed states using the following 3D

Figure 1. (A) Combined 1H and 15N backbone amide chemical shift perturbations (ΔHN) plotted as a function of residue number for GIP.
(B) Combined HA and CA backbone chemical shift perturbations (ΔHC) plotted as a function of residue number for GIP. (C) Magnitudes of ΔHN
presented in panel A represented in different colors on a ribbon diagram of free GIP: white for <0.1 ppm, yellow for <0.2 ppm, orange for <0.5 ppm, and red
for >0.5 ppm. (D)Magnitudes ofΔHCpresented in panel B represented as different colors on a ribbon diagramof freeGIP: white for <0.05 ppm, yellow for
<0.1 ppm, orange for <0.2 ppm, red-orange for <0.5 ppm, and red for >0.5 ppm. For panels C and D, residues A11�Q112 are shown. Residues M1�T10
and A113�S124 are not shown because they are highly disordered and have chemical shifts perturbations of <0.05 ppm. (E) Overlay of the HSQC spectra
for free GIP (red) and the GIP�glutaminase L peptide complex (blue). Arrows indicate the dramatic chemical shift perturbations of L29 and G30.
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experiments: HNCACB, CBCA(CO)NH, HCC(CO)NH, CC-
(CO)NH, HSQC-TOCSY, and HCCH-TOCSY. These experi-
ments were used to fully reassign the protein in the complexed
state, including residues, such as L27�G35, that had disappeared
and reappeared in remote locations during the course of the
titration of GIP with the glutaminase L peptide. The reassign-
ment of the protein in the complex proved essential as nearly all
of the resonances, both backbone and side chain, shifted either
slightly or dramatically (Figure 1A,B). In general, the amide
region is the most sensitive to chemical shift perturbation, but
with so many overlapping 1H and 13C resonances, each assign-
ment must be individually sorted out before structure calculation
can proceed.
Determination of the NMR Structure of the GIP�

Glutaminase L Peptide Complex. A number of key NMR
experiments were performed with the goal of calculating the
structure of the GIP�glutaminase L peptide complex. First, we
used a 2D selectively filtered NOESY spectrum that can be
separated into four 2D NOESY spectra.45 This experiment
selectively filters NOEs that originate from protons attached to
either 12C and 14N (peptide) or 13C and 15N (protein). One of
the four filtered experiments, which shows NOEs from only
protons attached to 12C or 14N, allowed us to reassign the
resonances of the glutaminase L peptide in the bound

conformation by comparing them to the resonances of the
unbound form. It also helped us to determine the structure of
the glutaminase L peptide in the bound state. Second, F1-
filtered/F3-selected NOESY experiments with both 15N/14N
and 13C/12C filtering methods were used to identify intermole-
cular NOEs between the unlabeled peptide and the 13C- and 15N-
labeled protein in the complex. In addition, we identified
intermolecular NOEs from the traditional 3D 15N- and 13C-
edited NOESY experiments. Third, the selective formation of
specific hydrogen bonds between the negatively charged C-term-
inal Val carboxyl oxygens from the glutaminase L peptide to the
amide protons of L29 and G30 from GIP could be directly
identified from their very large induced chemical shift
perturbations.60 These hydrogen bonds greatly enhanced the
iterative assignment process in fitting the glutaminase L peptide
into the structure of GIP. The GIP�glutaminase L peptide
complex differs from most other complexes of PDZ domains
because far fewer NOEs were observed using only the standard
13C-filtered NOESY that is most frequently used to determine
the structure of a complex. We believe that the lack of observable
NOEs is due to line broadening resulting from intermediate to
slow exchange of residues in the entire β2 strand. Thus, only the
strongest NOEs could be observed as a result of the reduced
intensity of residues critical to the binding interaction. Initial

Figure 2. Ribbon diagrams of the ensemble of the 20 superimposed lowest-energy structures. (A) Free GIP is colored green. (B) Complexed GIP is
colored blue and the glutaminase L peptide red. (C) Overlays of free GIP and complexed GIP are colored green and blue, respectively, with the
glutaminase L peptide colored red.
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assignments of intermolecular NOEs arising from the traditional
3D (unfiltered) NOESY were ambiguous. However, once the
peptide’s relative position in the binding site was established,
many of the initial ambiguities could be sorted out, which helped
to add to the total number of intermolecular NOEs used for the
final structure calculation. The ensemble of structures of both
free GIP (Figure 2A) and the GIP�glutaminase L peptide
complex (Figure 2B) were each calculated independently using
completely different NOE data sets.
Comparison of Free GIP with the GIP�Glutaminase L

Peptide Complex. In general, the architecture of a PDZ domain
is characterized by a six-stranded β-roll (β1�β6) and two
R-helices (R1 and R2).60 Although there is general agreement
between the structures of free GIP and the GIP�glutaminase L
peptide complex, the protein does adjust to accommodate the
additional β-strand in an allostericmanner. Upon binding, theR2
helix moves away from β2 by 0.95 Å to accommodate the
additional β-strand (Figure 2C). The β2�β3 loop is largely
unstructured in both free GIP and the complex. However, in the
complex, we observe a few NOEs between this loop and the
glutaminase L peptide. It has been previously reported that GIP
interacts with the C-terminal β-catenin peptide through its PFS
loop (residues 45�47).16 The observations mentioned above
clearly demonstrate that GIP interacts with different binding
partners with specificity. We observe substantial chemical shift
perturbations in helix R1 because of its relative proximity to the
binding site (Figure 1). However, these chemical shift changes do
not translate into the 3D structure in the complex (Figure 2).
The significant chemical shift perturbations in residues not lining
the binding pocket illustrate that without complete structure
determination, NMR titration data can potentially be misinter-
preted as an indication of direct protein�ligand interactions. It is
also difficult to determine through a side-by-side structural
comparison which specific interactions led to the relatively large
changes in chemical shifts that we observed in regions of the
protein located away from the binding site.
Glutaminase L Peptide Binding and Site Specificity. The

binding pocket of GIP is formed from a groove located between
helixR2 and strandβ2. TheC-terminus of the interacting protein
binds to this groove as an additional antiparallel β-sheet to β2
through β-strand addition.7 The sequence specificity of PDZ
domains for the interacting partner is broken down into several
classes usually of four residues numbered as positions�3,�2,�1,
and 0 starting with the C-terminal residue as P0. In particular, the
consensus GLGF loop located at the beginning of strand
β2 forms a series of hydrogen bonds between the backbone
amides of the protein and the C-terminal carboxylate of the
peptide. Furthermore, this loop provides a hydrophobic pocket
that helps with the sequence selectivity for the C-terminal residue
of the substrate peptide.
Although both free GIP and the GIP�glutaminase L peptide

complex share the same general fold typical of PDZ domains,
there are several notable exceptions. Between canonical strands
β1 and β2, GIP contains an additional short β-hairpin composed
of strands βa and βb.16,59,61 Importantly, the final residue in
strand βb is I28. Residue I28 forms the ILGF motif for GIP,
which deviates from the canonical GLGFmotif of PDZ domains.
This suggests that while G28 is the consensus amino acid for the
binding motif for PDZ domains, the mutation to Ile is tolerated
perhaps because of the structural role it plays in forming the
βa�βb hairpin. In contrast, G30 is the only amino acid that can
accommodate the geometry needed for the formation of hydrogen

bonds from L29 and G30 of GIP to the C-terminal carboxylate of
the peptide. We believe that G30 is absolutely required, as it
provides a structural framework for the C-terminal specificity. In
the glutaminase L peptide, the charged carboxyl group from the
C-terminal Val (P0) forms two hydrogen bonds to the backbone
amide protons of L29 and G30 from GIP. Meanwhile, the hydro-
phobic side chain of Val (P0) buries itself in the hydrophobic pocket
created by L29, F31, L97, and I33 as well as T98 at the periphery
(Figure 3). The two hydrogen bonds noted above cause unusually
large chemical shift changes of up to 2.5 ppm for the amides of L29
andG30 in the 1H�15NHSQCspectra uponbinding to the peptide
(Figure 1E). The chemical shift perturbations of both HN/N and
HA/CA pairs show the effect of the glutaminase L peptide binding
to GIP (Figure 1A,B). When these chemical shift changes are
mapped onto the structure of GIP (Figure 1), one can clearly see
that while regions near the binding site, including β2, R2, and the
β2�β3 loop, are generally the most perturbed, R1, which does not
appear to be directly involved in the binding, is also significantly
affected. This clearly demonstrates that themechanismof binding of
the peptide to GIP is allosteric. Residue H90 at the beginning ofR2
(R2:1 in PDZ nomenclature) is oriented into the binding pocket
and makes a specific hydrogen bond with the Ser at P�2 of the
peptide (Figure 3). This is a general feature of class I PDZ domains
as the residue at positionR2:1 provides the sequence selectivity that
distinguishes between different classes.12 In general, there is no
specificity at P�1 (Table 1). The glutaminase L peptide has Met at
P�1, which is oriented away from the binding pocket toward the
solvent. Some class I PDZ domains have specificity toward E/D or a
small amino acid at P�3.

12 This interaction comes from hydrogen
bonds between E at P�3 from the glutaminase L peptide and Y56
and T58 of GIP. Alternately, a transient salt bridge could potentially
exist but does not appear to be formed with R59 (Figure 3) of GIP.
This particular salt bridge has been observed in the crystal structures
of GIPwith β-catenin16 and Kir 2.3.61 However, we did not find any
observable NOEs to support the formation of a salt bridge between
E at P�3 of the glutaminase L peptide andR59 ofGIP. This is due to
the dynamic flexibility of the protein side chains in solution, in
contrast to the static nature of a crystal environment. It could be
possible that the flexibility of these side chains would allow them to
come close enough to form a transient salt bridge. However, our
results demonstrate that both E at P�3 andR59 are solvent-exposed,
thus decreasing the strength of such an interaction in solution. This
demonstrates that the salt bridges observed in the two crystal
structures are likely due to packing artifacts of crystallization while
the true nature of the salt bridge in solution is more dynamic.
Dynamics of FreeGIP and theGIP�Glutaminase L Peptide

Complex from 15N Relaxation Measurements. To further
elucidate the mechanism of binding of the glutaminase L peptide
to GIP, we conducted backbone dynamics studies. The order
parameters (S2) from both free and complexed forms of GIP
were calculated using steady-state 1H�15N NOE intensities and
R1 and R2 relaxation rates using the Modelfree analysis based on
the Lipari�Szabo formalism.62 Overlapped peaks and residues
that could not be characterized because of their low intensity or
absence in the HSQC spectra were excluded from our data
analysis. Residues M1, P5, P8, V12, L21, P41, P45, K50, D52,
P65, D75, and V80 were excluded from both free and bound
states. Residues K20, L29, G30, V57, R59, I68, A69, I73, M87,
K95, V105, and V118 were excluded from only the free state.
Residues V13, N26, F31, G35, I37, D40, Q43, E48, D49, Y56,
S61, Q72, W83, M85, T86, and A93 were excluded from only the
bound state. Of these, L29, G30, F31, G35, D40, Q43, E48, and
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D49 are residues that form part of the binding pocket, including
the ILGF motif (canonical GLGF) and the β2�β3 loop could
not be measured. This was because they were too close to the
intermediate-exchange regime to provide sufficient intensity
required for observation in the NMR dynamics data. While the
S2 values could not be determined for every residue in both the
free and complexed states because of either spectral overlap or
line broadening, we could determine S2 values for 100 and 96 of
118 residues (excluding the N-terminus and five prolines) for the
free and bound forms of GIP, respectively. Additionally, ΔS2

values between bound and free states were determined for 84
residues. The generalized order parameters, S2, are broadly
similar for both the free and complexed states but exhibit certain
differences as explained below. The residues located in well-
defined secondary structures that exhibit relatively restricted
mobilities of g0.85 are highlighted in blue (Figure 4A,C). The
residues at both termini of the protein and various loops,
including the βa�βb hairpin, the β2�β3 loop, and a few other
short loops between secondary structural elements, exhibit
greater flexibility as shown in red (Figure 4A,C). We observe a
correlation between our order parameters and the overall rmsd.
The Modelfree analysis of free GIP yielded generally high values
of S2 with an average value of 0.89 for the core region (residues
A11�Q112), indicative of the restricted backbone mobility of a
well-folded protein on the subnanosecond time scale that drops
off precipitously for residues at both unstructured termini
(Figure 4A). Likewise, for the GIP�glutaminase L peptide
complex, the average S2 value is 0.87 for the core region. This
demonstrates that in general the core of the protein maintains its
structure and flexibility upon binding to the glutaminase L
peptide. However, a closer examination of the changes in S2

reveals that there are specific residues that exhibit either an
increase or decrease in flexibility. For residues for which we could
calculate ΔS2, the following showed a substantial (ΔS2 > 0.06)
decrease in flexibility: G36, G54, A66, and T98 (Figure 4B).
Furthermore, residues I4, T51, G74, R96, and K99 showed
smaller but still significant increases in S2 (0.03 < ΔS2 < 0.06),
where the average variance in ΔS2 was (0.015 for all measured
residues. Twelve other residues exhibited positive but statistically
insignificant increases in S2. Likewise, 24 residues exhibited
statistically insignificant decreases in S2 upon binding. However,

residues Q14, H19, I28, D38, N44, F46, T58, G63, G70, D91,
and V109 exhibited a small but statistically significant (�0.03 >
ΔS2 > �0.06) increase in flexibility. Additionally, residues R15,
I18, G24, E25, L27, G34, K76, I77, H90, Q92, E103, R106, L107,
and R111 andmany of the measured residues in the unstructured
termini (M1�T10 and S113�S124) exhibited a substantial
increase in flexibility (ΔS2 < �0.06) as shown in Figure 4B.
When these residues are mapped onto the structure of free GIP
(Figure 4D), they demonstrate that the largest decreases in
flexibility occur for residues at the C-terminal end of helix R2
near the binding site and at the hinge points of the β2�β3 loop.
However, the largest increases in backbone flexibility occur for
residues located either on strands β4 and β6 that are distal to the
binding site or in the flexible loops such as theβa�βb hairpin and
the β2�β3 loop.
Intermediate Exchange within GIP Caused by the Binding

of theGlutaminase L Peptide.The chemical shift perturbations
for most of the residues of GIP are in the fast-exchange regime as
demonstrated by the titration experiments with the peptide.
However, the residues lining the binding pocket appear to be in
intermediate exchange. As GIP approaches saturation, residues
L27, I28, L29, G30, F31, S32, I33, G34, and G35, which had
disappeared or became greatly diminished because of intermedi-
ate to slow exchange at a low protein:peptide ratio, reappeared in
new locations in the 1H�15NHSQC spectra. Additionally, in the
free and complexed state of GIP, residues L29 and G30 have
lower intensities in the 2D 1H�15N HSQC spectra compared to
all other residues of the protein due to line broadening caused by
intermediate exchange. It is noteworthy that L27�G35 are the
residues that comprise the ILGF loop and most of the β2 strand
that line the binding pocket of GIP. Along with significant
chemical shift perturbations, there are substantial changes in
the measurable order parameters for different regions within the
binding pocket. It appears that both ends of the binding pocket
experience opposite effects on its S2 values. One end of the
binding pocket that is near the C-terminus of the peptide is
composed of the ILGF loop and the C-terminal half of helix R2
(K95�R100). Residues L29, G30, and F31 of the ILGF loop are
in intermediate exchange, which precludes the measurement of
ΔS2. Residues R96, T98, and K99 from helix R2 experience a
decrease in flexibility upon binding the C-terminal end of the
peptide. However, at the opposite end of the binding pocket,
residues from both β2 and R2 (G34, H90, and Q92) experience
an increase in flexibility. This is reflected in the relatively high
rmsd for the N-terminal end of the glutaminase L peptide. This
observation of increased or decreased flexibility in the binding
pocket of the protein and that of the peptide suggests that the
substrate specificity is limited to the four C-terminal residues of
glutaminase L.

’DISCUSSION

Binding Specificity of the Glutaminase L Peptidewith GIP.
The specificity of GIP toward the target protein C-terminal
sequence, i.e., E-S/T-X-I/L/V-COOH (Table 1), of the gluta-
minase L peptide comes from various interactions. The amide
protons of residues L29 and G30 in the ILGF loop are uniquely
positioned in a way that allows them to form a pair of hydrogen
bonds to both carboxyl oxygen atoms of V at P0 from the
glutaminase L peptide (Figure 3). These interactions are char-
acterized by the very large chemical shift perturbations observed
for the L29 and G30 amide groups (Figure 1A,E). Although the

Figure 3. Close-up view of the binding site of GIP (green) with the
glutaminase L peptide (yellow). Specified individual residues are labeled,
and hydrogen bonds are shown as dashed lines.
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structure is not significantly affected, the chemical environment
is dramatically different because of the proximity to the nega-
tively charged carboxyl oxygens from the C-terminus of the
peptide. The peptide binding also dramatically affects the
dynamics of GIP, so much so that residues L27�G35 disappear
during the course of the titration into the intermediate- to slow-
exchange regime and do not reappear until after the binding site
becomes saturated.
The specificity for a hydrophobic residue at P0 comes from the

hydrophobic pocket created by L29, F31, I33, and L97. Val seems
to be preferred at P0more than Leu or Ile. The steric nature of these
hydrophobic interactions can be investigated through point muta-
tion of one or more of the following residues in the binding pocket
of GIP: L29V, L97V, or T98A. Residue L97, located at position
R2:8, is highly conserved across class I PDZ domains and is known
to confer specificity at P0.

12 The side chains of L29 and L97 interact
to form the majority of the surface area of this hydrophobic pocket.
Thesemutationswould likely change the selectivity at P0 fromVal to
Ile, Leu, or a potentially larger hydrophobic amino acid currently not
allowed such as Phe or Trp.

Specificity for S or T at P�2 is due to H90 at position R2:1 of
GIP. In contrast, the reasons for the lack of specificity at P�1

appear to be 2-fold. Residue G30 is highly conserved across PDZ
domains. The geometry of G30 is a steric requirement for the
binding to the C-terminus of the target protein. The absence of a
side chain at this position most likely serves as an evolutionary
trade-off between specificity for the C-terminus and sequence
specificity at P�1. Second, because the binding occurs as β-strand
addition, alternating amino acids are oriented away from the
binding site.
By comparing the first NMR structure of the GIP�glutami-

nase L peptide complex to the crystal structures of GIP bound to
other target proteins, we can identify and distinguish between
common and unique features of binding for each ligand.We have
shown here that the mode of binding betweenGIP and each of its
ligands is unique and specific. We show that only a few interac-
tions occur between the β2�β3 loop of GIP and the glutaminase
L peptide, unlike the specific interactions seen between the PFS
loop of GIP and β-catenin.16 Additionally, the E at P�3 of the
glutaminase L peptidemakes specific hydrogen bonds to Y56 and

Figure 4. (A) S2 values derived using the Modelfree analysis from the steady-state 1H�15N NOE and R1 and R2 relaxation times of free GIP for each
nonoverlapping well-defined residue. Residues with order parameters above the threshold of 0.85 are colored blue while those with values below red. The
backbone rmsd of free GIP for each residue is overlaid on this plot in black. (B) Plot ofΔS2 as a function of residue number, whereΔS2 refers to the S2 of
the GIP�glutaminase L peptide complex minus that of free GIP. Positive values are indicated with increasing blue intensity, while negative values are
indicated with increasing red intensity. (C) Residues with S2 values below the threshold of 0.85 are mapped in red onto the structure of free GIP colored
blue. (D) Magnitude ofΔS2 upon binding to the glutaminase L peptide mapped onto the structure of free GIP and indicated by the darker intensity for
red (increased flexibility) or blue (decreased flexibility). Residues were colored white for one of the following reasons: they could not be measured in
both structures because of overlap, they had ΔS2 values between the threshold values of 0.06 and �0.06, or the residue was a proline.
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T58 of GIP rather than the salt bridge observed between the D or
E at P�3 of β-catenin or Kir 2.3 and R59 of GIP that we believe to
be crystallization artifacts.16,61 In comparison to the observed
changes in chemical shifts for other ligands of GIP such as
β-catenin and FAS that we have previously reported,17 the
unique mode of binding and chemical shift perturbation patterns
observed for GIP with the glutaminase L peptide means that it is
necessary to experimentally determine the structure of GIP in
complex with each of its known ligands.
By maximizing the common features and taking advantage of

the unique features of ligand binding, we should be able to
efficiently design a competitive inhibitor with an affinity higher
than that of any of the natural ligands. In the design of a target site
inhibitor, a good choice at P�1 would likely be a hydrophilic and
specifically negatively charged residue such as D or E to
potentially form a salt bridge with R5916 rather than hydrophobic
because it is solvent-exposed. Specificity for E at P�3 of the
peptide is due to the formation of a hydrogen bond with Y56
and/or T58 of GIP. Because Y56 and T58 can each act as
hydrogen bond donors or acceptors, this explains why P�3 can
also accommodate multiple side chains. Furthermore, GIP
has three glycines in a row: G34, G35, and G36. The lack of
side chains for these residues can explain the binding of GIP
to various binding partners. Finally, GIP has specificity for
β-catenin that is not present for the glutaminase L peptide, at
positions beyond P�3. An aromatic residue at P�5 or P�6

(Table 1) could provide additional specificity for GIP for any
future drug design effort.
Effects of Binding of the Glutaminase L Peptide on the

Dynamics of GIP.Where S2 could be measured in both free GIP
and the GIP�glutaminase L complex, some residues show either
substantial increases or decreases in backbone flexibility. In
general, residues at the binding site tend to become more
ordered, while residues peripheral to the binding site in GIP
become more disordered, with a few exceptions. G34 is part of
the β2 strand that forms an antiparallel β-sheet with the
glutaminase L peptide and thus should be more stabilized, yet
it actually becomes more disordered. While it is part of the
binding site, it is located on the opposite end of strand β2 from
the ILGF binding loop and is near the hinge point between
strand β2 and the β2�β3 loop (residues G36�G54). Addition-
ally, H90, D91, and Q92 exhibit increased flexibility. While H90
makes a direct hydrogen bond to the S at P�2 (Figure 3), the
specificity of the glutaminase L peptide is limited to the four
C-terminal residues, while the N-terminal four residues are
disordered with higher rmsd values. However, the general trend
is that in the regions of GIP where the peptide directly interacts,
the structure becomesmore rigid, which is offset by an increase in
flexibility that is distributed throughout the rest of the protein.
The decrease in the flexibility of the binding pocket is offset by an
increase in flexibility distal to the binding site in the core of the
protein, including strands β1, β4, and β6. Furthermore, the
increase in flexibility throughout GIP also includes the flexible
regions of the protein such as the βa�βb hairpin and β2�β3
loops as well as both termini.
Comparison toOther GIP Complexes. It is worth noting that

both the N-terminal (M1�T10) and C-terminal (S113�S124)
regions of GIP are completely unstructured both in the free state
and in the complex with very few observed NOEs and corre-
spondingly high rmsds in our structural ensembles (Figure 2A,B).
This is further supported by our dynamics data, which also show
these regions to be completely unstructured (Figure 4A). It has

been previously reported that C-terminal truncation of GIP leads
to a decreased affinity for full length β-catenin in vivo.15 We
observed general similarity in the modes of binding of the β-
catenin and glutaminase L peptides to GIP.17 Therefore, it
appears unlikely that the reported decrease in the affinity of
full-length β-catenin for a C-terminally truncated GIP is due to
an interaction between the canonical C-terminal binding motif of
β-catenin and the C-terminus (residues 113�124) of GIP. We
previously observed very little change in the chemical shifts of the
C-terminal region of GIP upon ligand binding, regardless of
whether the ligand is the glutaminase L, β-catenin, or FAS
peptide.17 Therefore, we propose a possible explanation for the
observed decrease in the affinity for the full-length β-catenin
upon C-terminal truncation of GIP. The C-terminus of GIPmost
likely interacts with either a different region of full-length β-
catenin or another interacting partner protein in vivo. This
hypothesis is supported by the in vivo two-hybrid interaction
studies between various deletion mutants for both GIP and β-
catenin.15 These studies showed a central core region of β-
catenin (residues 173�483) lacking the class I C-terminal motif
still maintained some affinity for GIP.15 We believe that the best
explanation of these results, in light of our structural and
dynamics characterization, is that it is the central core region of
β-catenin that interacts directly and specifically with the C-ter-
minus of GIP. Taken together, it appears that β-catenin and GIP
each bind to the other protein’s C-terminus.
Comparison of NMR and Crystal Structures of Free GIP. A

solutionNMR structure provides insight into the dynamic nature
of a protein. By comparing the solution structure of free GIP with
the previously determined crystal structures, we show that while
there is good agreement between NMR and crystallographic
methods, there are a few key differences. First, in each of the
NMR structures, both the N- and C-termini (residues 1�10 and
113�124, respectively) are highly dynamic and unstructured.
This is in contrast to the crystal structure of free GIP where the
C-terminus forms a helix, which is most likely an artifact of
crystallization. Second, the β2�β3 loop from G36 to G54 has a
defined structure in the crystal structures,16,61 but it is consider-
ably more flexible in our NMR structure. Our dynamics data also
indicate that this region had significantly lower order parameters
compared to the rest of the central core region. Additionally,
relatively few NOEs were observed compared to other regions
of the protein. All of the observed NOEs were medium-range
(|i� j| < 5) or shorter, but there were no unambiguously defined
long-range NOEs (|i � j| > 5). We found this to be the case for
both free GIP and the GIP�glutaminase L peptide complex.
However, there were some intermolecular NOEs between the
loop and the peptide, which indicates that this flexible loop may
undergo a conformational change upon binding. This conforma-
tional change is observed from the decrease in the flexibility of
G36 and G54 near the hinge point of the β2�β3 loop while
flexibility increases on either side of the hinge point. We do
observe a distinct conformational change (Figure 2C), but the
loop remains relatively unstructured compared to the rest of the
core protein in both free and bound states. Third, the noncano-
nical β-hairpin formed by residues L21�I28 has a higher relative
backbone rmsd of∼0.85 Å in the free form of GIP compared to
the rest of the core structured portion of the protein at 0.45 Å. In
the GIP�glutaminase L complex, the corresponding rmsd values
are 2.73 and 0.67 Å, respectively. As was the case for the β2�β3
loop, there are NOEs that define the β-hairpin. However,
because it is exposed to the solvent, it does not make as many



3537 dx.doi.org/10.1021/bi102055y |Biochemistry 2011, 50, 3528–3539

Biochemistry ARTICLE

contacts with the rest of the protein and is therefore relatively
unconstrained during the structural calculation. The increase in
rmsd for this hairpin loop within the complex is due to relatively
fewer long-range NOEs observed for the GIP�glutaminase L
peptide complex than for free GIP. It is further supported by the
increases in flexibility for the complex seen for residues G24, E25,
L27, and I28.
Potential for Targeted Drug Design. Taken together, the

elements of specificity within GIP for certain types of molecular
interactions domake it a tempting target for drug design. Because
cells contain literally hundreds of PDZ domains, a potential drug
would have to be designed to interact very specifically with only
the PDZ domain within GIP or to broadly target and disrupt the
function of other PDZ domains that may share the same
specificity as GIP. The structural insights provided by the
GIP�glutaminase L peptide complex in this study can form
the basis for the development of promising anticancer therapeu-
tics targeting GIP.

Accession Codes
The chemical shifts of the resonances and the atomic coordinates
for free GIP as well as the GIP�glutaminase L peptide complex
have been deposited in the BioMagnetic Resonance Bank
(BMRB) and the Protein Data Bank (PDB) with the following
accession numbers: 17254 and 17255 for the BMRB and 2L4S
and 2L4T for the PDB, respectively.
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