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Abstract 
 
 
PDZ domains are one of the most ubiquitous protein-protein interaction modules 
found in living systems. The glutaminase interacting protein (GIP), also known as the 
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. Unlike other PDZ domain containing proteins, GIP contains only one PDZ 
domain. We detail here the over-expression, purification, and characterization of 
structure, function, dynamics and interactions of recombinant human GIP with different 
C-terminal target protein recognition sequence motifs by CD, fluorescence, and high-
resolution solution NMR methods.  The target protein C-terminal recognition motifs 
employed in our interaction studies are glutaminase L (LGA), ?-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. We have also 
shown interaction studies of GIP with the C-terminus of Kir 2.3 and HPV16 E6. 
Interestingly, these ligands interact with different residues of GIP and show similar 
binding affinities. Dissociation constant (KD) values ranging from 1.97 ?M to 3.66 ?M 
indicate strong interactions between GIP and its binding partners. Similar to previously 
determined PDZ domain structures, GIP contains two ?-helices and six ?-strands. One of 
the most striking features of GIP is that, unlike other PDZ domain containing proteins, 
GIP shows apparent conformational change upon ligand binding. Interestingly, the 
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backbone dynamics data of both free GIP and GIP-glutaminase C-terminus complex 
show that binding of the glutaminase C-terminal recognition motif results in a decrease in 
the order parameter (S2), indicating an increase in global flexibility of GIP in this 
complex.  
Studies thus far show that GIP interacts with the C-terminus of its partner 
proteins.  Using an f8-type phage displayed peptide library, we have discovered multiple 
peptides with novel internal sequence motifs that specifically bind to GIP.  We identified 
S/T-X-V/L-D as the consensus GIP-binding motif and, using protein data base searches, 
found several cancer-related human proteins as potential GIP partners. NMR 
spectroscopy was used to investigate the mechanisms of novel internal motif recognition 
by GIP. Through mutagenesis, we found two amino acid residues within the peptides that 
are important for the interaction with GIP. Importantly, one of the peptides co-localizes 
with GIP within human glioma cells and inhibits their metabolism, indicating that GIP 
might be a potential target for anti-cancer therapeutic interventions. 
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CHAPTER ONE 
 
 
Literature Review 
 
 
 
1.1 PDZ domains 
 
Cellular signaling systems are an important part of physiological function and are 
mediated largely by protein-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 receptors, 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 sub- 
cellular 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 conglomeration of PDZ modules. PDZ-containing 
proteins interact with various proteins within cells and mediate various diseases. 
Therefore, investigation of the regulatory mechanisms of PDZ protein-protein 
interactions is important for understanding of biological functions of PDZ domains and 
for design of new therapeutics. 
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1.2 PDZ domains distributions 
PDZ domains are primarily found in eukaryotic organisms (8). However, a related 
kind of PDZ domains has also been identified in yeast, bacteria and plants (9, 10) while 
there is no evidence that this domain is involved in protein-protein interaction (8). One 
bacterial PDZ domain with a solved structure reveals that the domain has similarity as 
well as differences in structure or fold compared to canonical PDZ domains (11). Thus, 
many of these bacterial ?PDZ-like? domains are likely to be significantly different from 
canonical metazoan PDZ domains (8). PDZ domains can solely compose a single protein 
or along with some other domains. Also, more than one PDZ domain can be present in a 
single protein. Examples of PDZ domain(s) which are components of different proteins 
are shown in Figure 1.1. 
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Figure 1.1 Examples of PDZ domain-containing proteins. Proteins are indicated by 
black lines scaled to the length of the primary sequence of the protein. Adapted from 
reference 8. The short form of the proteins are abbreviated here: Postsynaptic density 
protein-95 (PSD-95), Zonnula occludens 1 (ZO-1), Glutamate receptor interacting protein 
(GRIP), Activation no afterpotential D (InaD), Partitioning defective 6 (Par-6), 
Dishevilled (Dvl), Na+/H+ exchanger regulatory factor (NHERF), Neuronal nitric oxide 
synthase (nNOS), High temperature requirement A (HtrA). 
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1.3 Classification of PDZ domains 
PDZ domains are very specific towards their binding proteins. They recognize the C-
terminal sequence motifs of their target proteins. The length of these motifs is usually 
about five residues, but in rare cases specificity of interaction is defined by more than 
five residues (12). The residues within the PDZ-binding C-terminal sequence motif are 
classified as the followings: the C-terminal residue is the P0 residue; subsequent residues 
towards the N-terminus are termed as P-1, P-2, P-3, etc (8). It has been found that the P0 
and P-2 residues are the most important for PDZ domain recognition (13, 14). These two 
residues are very selective in the binding mechanism. Based on how these PDZ domains 
recognize the C-terminal sequence motif of their target proteins, they are classified into 
three major classes: class I PDZ domains recognize the motif S/T-X-?-COOH (where ? 
is a hydrophobic amino acid and X is any amino acid); class II PDZ domains recognize 
the motif ?-X-?-COOH; and class III PDZ domains recognize the motif X-X-C-COOH. 
There are a few other PDZ domains that do not fall into any of these specific classes 
(Table 1.1) (15). 
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 PDZ 
Domain 
Concensus binding 
sequence 
Ligand protein 
Class I 
 
P-3 -P-2 - P-1 -P0 
S/T-X-?-COOH 
 
Syntrophin E-S-T-V-COOH Voltage-gated Na+ channel 
PSD-95 E-T-D-V-COOH Shaker-type K+ channel 
GIP E-S-M-V-COOH Glutaminase-L 
   
Class II ?-X-?-COOH  
hCASK E-Y-Y-V-COOH Neurexin 
Erythrocyte 
p55 
E-Y-F-I-COOH Glycophorin C 
   
Class III X-X-C-COOH  
Mint-1 D-H-W-C-COOH N-type Ca +2 Channel 
SITAC Y-X-C-COOH L6 antigen 
   
Other   
nNOS G-D-X-V-COOH MelR 
MAGI 
PDZ2 
S/T-W-V-COOH Phage display 
Engineered 
from SF6 
K/R-Y-V-COOH Synthesized peptide 
 
Table 1.1 Examples of PDZ ligands. The short form of the proteins are abbreviated 
here: Postsynaptic density protein 95 (PSD-95), Glutaminase interacting protein (GIP), 
Human calcium/calmodulin-dependent serine kinase (hCASK), The munc-18 interacting-
1(Mint-1), Neuronal nitric oxide synthase (nNOS), Membrane-associated guanylate 
kinase inverted (MAGI). Adapted from reference 14. 
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1.4 Structure and mechanism of interaction of PDZ domains 
To date, more than 200 structures of PDZ domain, PDZ-binding partner complex 
structures have been solved by NMR or X-ray crystallography (8, 16). Structural 
characterization show that canonical PDZ domains consist of six ?-strands (?A- ?F) and 
two ?-helices (?A and ?B) (Figure 2A) (17-19). Between these two ? helices (?A and 
?B), ?a is shorter compare to ?B. Secondary structures of the PDZ domains may vary in 
length, but the folds are conserved among all PDZ domains (20-24). Usually, most of the 
PDZ domains are monomer, but there are some reports of PDZ domain dimers (25-30). It 
is interesting that PDZ2 of zonula occludens-1 forms a dimer which creates a distinct 
interface. The charge?charge interactions created by residues in the PDZ dimer interface 
and residues of the Cx43 peptide give insight into the interaction specificity for the 
complex formation. This interaction regulates phosphorylation-mediated switch for the 
dynamics of the Cx43 gap junctions (30). Dimerization does not affect the target peptide 
binding in vitro (8). Structures of PDZ, PDZ-like, PDZ-PDZ dimer domains are shown in 
Figure 1.2.  
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Figure 1.2 Structures of PDZ, PDZ-like, and PDZ-PDZ dimer domains. (A) Ribbon 
diagram of Dishevilled-1 (Dvl-1) PDZ (PDB code: 2KAW). (B) High temperature 
requirement A2 (HtrA2) PDZ (PDB code: 1LCY). (C) ZO-1 PDZ2 (PDB code:2RCZ). 
The binding site of each PDZ domain is shown by a yellow oval. Adapted from reference 
8. 
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Recently, GIP and GIP-glutaminase L complex structures have been reported (31). It 
shows that GIP contains two extra small beta sheets other than canonical PDZ domains 
(Figure 1.3). 
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 Figure 1.3 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 
glutaminase L peptide is red. (C) Overlays of free GIP and complexed GIP are colored 
green and blue, respectively, with the glutaminase L peptide colored red. Adapted from 
reference 31. 
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1.5 Mechanism of ligand recognition by PDZ domains 
It has been reported that the PDZ domain binds the C-terminus of the interacting 
partner in an elongated groove as an antiparallel ?-strand between the second ?-helix and 
the second ?-strand, termed the PDZ binding groove (32, 33). The Gly-Leu-Gly-Phe 
(GLGF) motif is highly conserved among all PDZ domains and is also known as the 
carboxylate-binding loop. It is located within the ?A- ?B connecting loop and is 
important for hydrogen bond coordination of the C-terminal carboxylate group (COO-) 
(3). The second Gly residue in this motif is conserved among all the canonical PDZ 
domain proteins while the first Gly residue can be replaced by other amino acid residues 
(34). The amide from the second glycine acts as a hydrogen-bond donor to the 
carboxylate group from the binding peptide. The second and the forth residues of the 
motif form a hydrophobic binding pocket of PDZ domain where P0 of the peptide can sit 
(35). Coordination of the carboxylate group of the binding peptide and the strand to 
strand interactions between the peptide and the PDZ domain helps the peptide to sit into 
the PDZ binding groove (15, 16). In class I PDZ domains, the side chain of P-2 of the 
binding peptide forms a specific hydrogen bond with the N-3 nitrogen of the histidine 
residue which is present at the ?B:1 position of the PDZ domain while the P0 residue of 
the binding peptide positions itself into the hydrophobic binding pocket (16). Class II 
PDZ domains show a slightly different preference for their binding peptides at the P-2 
position. It recognizes a hydrophobic residue due to the replacement of the histidine 
residue by a leucine or methionine residue in the ?B:1 position of the PDZ domain (36). 
11 
 
PDZ-complex structures explain the importance of other than P-2 and P0 residues. These 
interactions are unique for different PDZ domains. Thus, the ligand binding specificity of 
PDZ domains are primarily determined by the P-2 and P0 residues of the binding peptide 
(15, 16). There are examples of other residues that are also involved in specific 
interactions with PDZ domains (31, 37-39). Na+/H+ exchanger regulatory factor 
(NHERF) PDZ1-Cystic fibrosis transmembrane conductance regulator (CFTR) 
interactions are good examples for such binding. Structural characterization of the 
NHERF PDZ1-CFTR interactions shows that Arg at P-1 plays important role in the 
interaction. It forms two salt bridges with O?2 of Glu43 and two hydrogen bonds with the 
carbonyl oxygen of Asn22 (39). This kind of interaction is unusual for PDZ domain 
binding as generally P-1 residue is not important for PDZ domain interactions. Figure 1.4 
shows how a PDZ domain binds to its target proteins. It also shows the mode and 
mechanism of interaction at the molecular level.  
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Figure 1.4 Structure of the PDZ domain and mechanism of peptide recognition. (A) 
Ribbon diagram of PSD-95 PDZ domain 3 (residues 306-394, shown in red) with a 
bound peptide (NH2-KQTSV-COOH, shown in blue). Names of the ?-strands and ?-
helices are indicated. The side chains of the peptide P0 residue (val) and P-2 residue (Thr) 
are shown in stick form, as is the terminal carboxylate. (B) Diagram of the peptide-
binding pocket. Residues in the PDZ-domain-binding pocket are shown in black; the 
peptide is shown in blue. Hydrogen bonds are drawn as red dotted lines, and hydrophobic 
packing is indicated by green arcs. (C) Solvent-accessible surface representation of the 
structure shown in (A) (probe radius=1.4 ?). The peptide is drawn as in (A), and key 
binding pockets are indicated by circles. Adapted from reference 15. 
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1.6  Protein-protein interaction detection methods 
There are various methods available to study PDZ domain mediated interactions. 
NMR and X-ray crystallographic methods are used to find interactions at the molecular 
level. Several proteomic and protein arrays methods are available to determine new 
binding partners and interactions (8). These methods include yeast two-hybrid (Y2H), co-
immuno precipitation (Co-IP), protein microarray, and screening peptide libraries. These 
methods have been widely used for studying PDZ domain interactions (40-47).  
The Y2H method is used to find protein binding partners. To find PDZ domain 
binding partners, the C-terminal motif of the target protein is sub-cloned into a bait vector 
containing a DNA-binding domain and the PDZ domain is sub-cloned into the prey 
vector that contains the activation domain. Binding will cause expression of both fusion 
proteins in the same yeast cell that leads to transcriptional activation of a reporter gene 
(44). The major disadvantage of this method is that results are not always accurate as this 
method shows a high rate of false positives and false negatives (42-43). It has been 
reported that a newly made yeast two-hybrid array was used for peptide binding domains 
like PDZ domains and novel interactions were discovered rapidly. This method was used 
to find five PDZ domain interactor peptides (40).  The Co-IP method is commonly used 
to confirm the interactions that were already found by Y2H , immunofluorescence co-
localization (8-50), or  phage display methods (8, 41, 44, 46, 51-54). Other biophysical 
techniques such as Circular Dichroism (CD), intrinsic fluorescence spectroscopy, Nuclear 
Magnetic Resonance Spectroscopy (NMR), fluorescence polarization can be used to 
confirm or provide additional data on potential interactions.  
14 
 
PDZ domain arrays are also used to determine interacting partners for a PDZ domain. 
In this case PDZ domains are expressed with different tags such as the His- or S-tag (48-
50). It has been found that 20% of G protein-coupled receptors (GPCRs) proteins in the 
human genome have PDZ domain binding sites and PDZ domain arrays are being used to 
identify the GPCR protein partners (8, 48-50). There are two useful examples of different 
proteins identified by proteomic arrays with PDZ domains. An interaction between the 
purinergic P2Y1 receptors (P2Y1R) and Na+/H+ exchanger regulatory factor 2 (NHERF-
2) proteins was obtained using this method (48). It can be an alternative to yeast two-
hybrid library screening for protein-protein interaction approach. The PDZ protein 
NHERF-2 associates with a definite motif on the P2Y1R CT and regulates P2Y1R 
functional activity in a cell-specific manner. This is an example of GPCR regulation by a 
receptor-associated scaffold protein. These data can be used for development of 
antithrombotic drugs and another pharmaceuticals for the treatment of human diseases 
(48). The C termini of two different proteins (metabotropic glutamate receptor 1 
(mGluR1) and metabotropic glutamate receptor 5 (mGluR5) from the glutamate receptor 
family were also screened against a PDZ domain proteomic array (49). These proteins 
specifically bind to the second PDZ domain of NHERF-2. Mutation to the mGluR5 C-
terminus disrupts the interaction with the PDZ domain (49). Full-length mGluR5 interacts 
with full-length NHERF-2 in cells, as confirmed by co-immunoprecipitation and confocal 
microscopy experiments. Co-expression of both proteins causes GluR5-mediated cell 
death (49). Thus, the PDZ domain containing protein NHERF-2 regulates mGluR5 
signaling (49). Another important approach for identification of interacting partners for a 
PDZ domain is phage display library screening. 
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1.7 Phage display technology 
 Phages are viruses which infect bacterial cells. Phage display is a commonly used 
method for displaying of combinatorial peptide libraries (55). Since PDZ domains 
recognize short motifs of their target proteins, combinatorial phage display libraries can 
be used for identification of the binding peptide sequences on PDZ target proteins. Phage 
display libraries are mixtures of genetically re-engineered phage particles. The viral 
capsid is composed of several coat proteins which can be genetically modified to display 
peptide sequences at various locations on the phage (57-58). It is possible to generate 
peptide libraries with up to 1011 random sequences on the viral particles by inserting 
randomized DNA sequences into the specific coat proteins (56-58). Filamentous phages  
such as M13 and fd are used frequently as vectors to create phage display libraries. 
Filamentous phages are about 1 ?m long and 7 nm in diameter. The particles look like 
flexible rods and contain a helical 50 amino acid residue long major coat protein pVIII 
(59, 60). There are 2700 copies of this protein that encapsulate a single-stranded viral 
DNA (58). The particle has two tips that are composed of minor coat proteins. One side 
of the particle contains the minor coat proteins pIII and pVI and the other side of the 
particle has minor coat proteins pVII and pIX (59). Phage-display systems are classified 
based on how it displays coat proteins. Foreign peptides can be fused to any of coat 
proteins, pIII, pVIII or pVI. In the majority of phage display libraries foreign peptides are 
fused to pVIII or pIII coat proteins. Only short peptides (up to 9 amino acids) can be 
displayed on every copy of pVIII. To construct pVIII libraries with longer peptides, 
phage vectors with two genes (88 type vector) encoding for the protein are used.  A 
different type of vector is also known which is called 8+8 system vector with two VIII 
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genes are on different genome. The wild-type gene in on the helper phage and the 
recombinant gene is present on a phagemid. Phagemid contains a filamentous phage 
replication origin. It only infects cells when helper phages are added (59). Figure 1.5 
shows filamentous phage structure.  
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Figure 1.5 Filamentous phage structure. Filamentous phages are rod-like viruses with 
a circular ssDNA genome. The tube-like capsid is composed of several thousand copies 
of tightly packed major coat protein [gene VIII product (p8)], capped by five copies of p3 
and p6 on one end and five copies of p7 and p9 on the opposite end of the phage particle. 
Adapted from reference 60. 
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Phage libraries of random peptides can be used to identify target peptides for a 
PDZ domain (55). The process involves several rounds of selection before the final 
selection of the binding peptide and sequencing its DNA (59, 61, 62). Briefly, the whole 
procedure is described as follows. First the phages are allowed to bind to the target in the 
phage selection process. Then, the unbound phages are washed away and bound phages 
are eluted. This process is repeated several times to enrich for fittest binding peptides to 
the target. After 3-4 rounds of selection, phage DNAs are sequenced and phage clones  
characterized individually. The amino acid sequences of the peptides that bind the target 
protein are determined by the corresponding coding sequence in the viral DNA. Figure 
1.6 shows steps in the phage display selection procedure. 
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Figure 1.6 Phage display selection process. Sequential steps involved in selection of 
target-binding peptides are shown. Adapted from reference 60. 
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Because PDZ domains recognize the C-terminus of their target protein, several C-
terminal phage displayed libraries have been used to find PDZ domain interacting 
partners (55, 63-67). It has been found from the specificity profiling of 91 point mutants 
of a model PDZ domain that the binding site is highly specific and binding specificity can 
change under mutation of residues (66). The 3rd PDZ domain of the protein tyrosine 
phosphatase BAS-like (PTP-BL) binds to C-terminal phage displayed peptides as 
indicated by the phage binding assay. The ligand binding is governed by two cystein 
residues at the P-4 and P-1 positions and a valine residue at the P0 position. Addition of 
reducing agent such as dithiothrietol interrupts binding indicating that the interaction is 
disulfide-bridge-dependent and a site-directed mutagenesis study shows that PTP-BL 
PDZ3 displays a preference for cyclic C-terminal ligands (67).  
There are reports that show the PDZ domain of the Discs Large protein binds 
selected peptides with the consensus carboxyl terminal motif Glu-(Ser/Thr)-X-(Val/Ile) 
(where X represents any amino acid). On the contrary, PDZ domains of LIN-2, p55, and 
Tiam-1, select peptides with hydrophobic or aromatic side chains at the carboxyl terminal 
three residues. To explain this anomaly, the structure of the complex was determined and 
characterized (63). It was shown that the PDZ2 of tyrosine phosphatase PTP-BL protein 
that interact with class III-type ligands was modulated by the presence of PDZ1 while 
screening a random C-terminal peptide lambda phage display library. A long-range 
allosteric effect was seen, which explains the altered PDZ2 binding choice (65). There 
are also reports of internal motif recognition by PDZ domains (4, 24, 68-70). These 
internal motifs were found through phage display libraries or Y2H methods or by rational 
design. The use of phage display libraries to find internal motifs for a PDZ domain is still 
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uncommon and to date there are only three crystal structures available that show internal 
motif recognition by PDZ domains (4,24,68). There are no NMR structures available for 
internal motif recognition. The PDZ domain of the partitioning defective 6 (Par-6) 
protein interacts with an internal motif from the protein associated with Lin seven 1 
(Pals1) protein (68). Structural investigation shows that the PDZ ligand-binding site is 
deformed to allow internal ligand binding to bypass the requirement for chain termination 
(68). However, in the case of nNOS-syntrophin internal mode of interaction shows that a 
sharp turn is seen which allows the ligand to bypass the steric requirement forced by the 
carboxylate group (4). Figure 1.7 shows modes of PDZ domain C-terminal and internal 
motif recognition. Along with these, there are only a few other reports of PDZ domain 
internal motif recognition. 
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Figure 1.7 Modes of PDZ C-terminal and internal recognition. In PDZ C-terminal 
ligand recognition the carboxylate-binding loop enforces C-terminal binding by 
preventing extension past the P0 residue. In the ?-finger internal PDZ recognition mode 
of recognition, used by neuronal nitric oxide synthase (nNOS)-syntrophin and 
presumably disulfide containing ligands, a sharp turn in the ligand allows it to bypass the 
steric requirement imposed by the carboxylate-binding loop. The Pals1-Par-6 PDZ 
interaction represents a new type of internal interaction in which the carboxylate-binding 
loop is deformed to allow for residues past the P0 residue. An interaction with the 
P+1 residue is critical for this mode of recognition. This figure is adapted from reference 
68. 
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  It has been found that Dishevelled (Dvl) PDZ domain binds to the internal motif 
of Inhibition of the Dvl and Axin complex (Idax) protein containing RKTGHQICKFRKC 
(KTXXXI) motif which is important for the interaction (69). This type of binding gives 
higher dissociation constant values compared to the canonical C-terminal motif 
recognition (69).  The syntrophin PDZ domains bind to the C-terminal peptide sequences 
of its target proteins. Using a phage display library, it has been found that the syntrophin 
PDZ domain also binds cyclic peptide ligands which were displayed at the N-terminus of 
protein III of bacteriophage M13 (70). These peptides are very specific to the syntrophin 
PDZ domain and bind at the same C-terminal binding site. The cyclic peptides were 
formed through the cysteine residues. When the disulfide bond was disrupted, no 
interaction was seen (70), but the peptide conformation after binding was not determined. 
 
1.8 PDZ domains are drug targets   
It is well known that PDZ domains are involved in protein-protein interactions in 
various signaling pathways. Mutations in the PDZ domain can cause deregulation of 
these pathways and lead to various diseases. It has also been found that PDZ domains are 
involved in various types of cancers (71-78). PDZ domains recognize G protein-coupled 
receptors and ion channels, which are among the most important classes of drug targets 
for the pharmaceutical industry. Thus, developing small molecule inhibitors to compete 
with PDZ targets might be useful for the development of pharmaceutical agents (71). It 
has been found that the C-terminal last nine residues of the NR2B methyl-D-aspartate 
receptors (NMDAR) subunit affects the signaling pathways downstream of NMDAR 
activation, on in vitro excitotoxicity, and on in vivo ischemic brain damage. Interfering 
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with the interaction between NMDARs and postsynaptic density protein 95 (PSD-95) 
may interrupt signaling downstream from NMDARs leading to neuronal death. The study 
concludes that targeting NMDAR?PSD-95 interaction is a promising strategy for treating 
strokes in the future (74). Designing cancer therapeutics such as peptides, small 
molecules, and peptidomimetics based on the understanding of PDZ interactions might 
have potential therapeutic advantages (8, 79-89). There are several examples of PDZ 
domains as targets for various diseases. The Dishevelled (Dvl) PDZ domain is involved 
in the Wnt signaling pathway and abnormal activation of this process causes different 
types of cancers. Small molecules sulindac and sulindac sulfone bind to the Dvl PDZ 
domain and cause inhibition of abnormal Wnt signaling by obstructing the Dvl PDZ 
domain (79). It was also found that the NHERF1/EBP50 (Na+/H+ exchanger regulatory 
factor 1/ezrin-radixin-moesin-binding phosphoprotein 50) complex consists of two PDZ 
domain that regulate G protein-coupled receptors. NHERF1 was also found to interact 
with the phosphatase and tensing homolog (PTEN) tumor supressor. A drug has been 
developed that specifically affect the expression of NHERF1 in PTEN-positive breast 
cancer cells (82). 
 
1.9 Basics of NMR 
Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique which can be 
used to determine structure for small molecules as well as macromolecules such as 
proteins and nucleic acids. In NMR spectroscopy, experiments are performed on the 
nuclei of atoms, not the electrons. Information is obtained about a particular nucleus from 
its chemical shift environment. Nuclei of certain isotopes contain spin. In several atoms 
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(such as 12C) these spins are paired against each other. As a result, the nucleus of the 
atom has no overall spin. On the contrary, in some atoms (such as 1H and 13C) the 
nucleus does possess an overall spin. The net nuclear spin can be determined by number 
of neutrons and number of protons. If both numbers are even, then the nucleus has no 
spin. If the total number is odd, then the nucleus has a half-integer spin (1/2, 3/2 etc.). If 
both of them are odd, then the nucleus has an integer spin (1, 2 etc.). Thus, the overall 
spin (I) is important. A nucleus with spin 1/2 will have 2 possible orientations. In the 
absence of an external magnetic field, these orientations are of equal energy. If a 
magnetic field is applied, then the energy levels split (Figure 1.8).  
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Figure 1.8 Energy splitting as a function of magnetic field strength.   
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When the nucleus is in a magnetic field, the initial populations of the energy 
levels are determined by the Boltzmann distribution. The lower energy level will contain 
slightly more nuclei than the higher energy level. It is possible to excite these nuclei into 
the higher level with electromagnetic radiation. The frequency of radiation required is 
determined by the difference in energy between the energy levels. Chemically different 
nuclei in a molecule do not experience the external magnetic field identically. Electrons 
shield the nucleus and in that way reduce the effective magnetic field. As a result, energy 
of a lower frequency is required to induce the transitions between spin states. On the 
contrary, when electrons are withdrawn from a nucleus, the nucleus is deshielded and 
feels a stronger magnetic field requiring more energy to achieve resonance. Normally, 
nuclei attached to the electron withdrawing groups tend to resonate at higher frequencies. 
The frequency of the resonance expressed with reference to a standard compound, which 
is defined to be at 0 ppm (for most experiments this is tetramethylsilane (TMS)). This is 
called chemical shift and is expressed in parts per million (ppm). It is independent on 
frequency of the spectrometer. The process of determining the frequencies of the nuclei 
in a particular molecule is called resonance assignment. 
With the development of computational power, it is possible to obtain 
multidimensional spectra. In one dimensional NMR spectrum a single chemical shift 
coordinate along X axis is available. In two dimensional experiments, both the X and the 
Y axis have chemical shift scales. The 2D spectra looks like a map. By looking at the 
peaks and matching them to the X and Y axes, information of chemical shifts of the 
residues obtained. Several 2D experiments are available to obtain useful information of a 
protein structure. 2D NMR experiments can easily be expanded to multidimensional 
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spectroscopy by the appropriate combination of several 2D NMR experiments. In the 3D 
experiments, both X, Y, and Z axis have chemical shift scales. These experiments are 
widely used for protein structure determination.  
 
1.9.1 Protein NMR 
NMR spectroscopy is one of the two high resolution techniques to determine the 
three-dimensional structures of protein, DNA, and RNA. This technique also provides 
information regarding protein secondary structures, dynamics, structural and functional 
aspects of proteins-ligand binding. Biomolecular NMR spectroscopy is a key technique 
for studying the mechanisms of cellular function because it can determine both the 
structure and dynamics of protein or complexes in solution under near physiological 
conditions. NMR is a versatile technique that not only provides protein structure at 
atomic resolution, but also useful information regarding protein motions in solution. 
NMR also plays an important role in studying weak and transient interactions, which are 
associated with biological functions. Three-dimensional NMR is used for backbone 
resonance assignments of a protein, and there are several experiments available. Using 
these experiments, it is possible to identify and assign all the amino acid residues in a 
protein and complete backbone assignments. The first step in protein NMR structure 
determination is to have all the amino acid residues assigned in the heteronuclear single 
quantum coherence (HSQC) spectrum which is also called the finger print region of a 
protein. Once the HSQC is completely assigned, it is possible to visualize the change in 
chemical shift positions of each residue involved in the binding. This is an important tool 
to find out protein-ligand interactions. This process is useful for ligand binding studies, as 
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it will show which amino acid residues are involved in the binding or in conformational 
change if there is any. Additionally, backbone resonance assignments can provide 
information on secondary structure of a protein. 
The backbone resonance assignments by solution NMR can be divided into 
several parts: (1) sample preparation, (2) recording and processing of NMR data, and (3) 
sequential resonance assignments.  
For biomolecular NMR structural studies, sample preparation is very important. 
Milligram quantities of pure protein are required for all 3D NMR heteronulcear 
experiments  data collection. For any multidimensional heteronuclear NMR experiments 
uniform labeling of the protein with 15N, 13C and/or 2H is required. As 13C, 15N, and 2H 
have very low natural abundance, isotope labeling is required during protein expression. 
To achieve this, 15NH4Cl and 13C-glucose are used as the sole nitrogen and carbon 
sources respectively. Deuterium oxide (D2O) is used in the minimal media instead of H2O 
in the culture while expressing protein in E. Coli host. There are three pairs of 3D NMR 
experiments used for backbone assignments. These are: HNCACB, CBCA(CO)NH, 
HNCA, HN(CO)CA, HNCO, and HN(CA)CO. All these experiments correlate backbone 
amide proton, and nitrogen atoms to C?, C?, and CO atoms. For example, HNCACB 
correlates each amide proton and nitrogen with the C? and C? chemical shift of its own 
residue and of the preceding residue in the sequence, while the CBCA(CO)NH correlates 
each amide proton and nitrogen only with the C? and C? chemical shifts of the previous 
residue (Figure 1.9). The HNCO and HN(CA)CO work in a similar manner, but they 
give the chemical shifts of the carbonyls carbons rather than alpha carbons. The HNCA, 
HN(CO)CA contains the  chemical shifts of the alpha carbon of its own and the previous 
30 
 
residue, respectively (Figure 1.10). All of these experiments should be obtained to find 
the complete backbone assignments of the protein. 
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Figure 1.9 Magnetization coherence transfer schemes of 3D NMR experiment for 
protein backbone experiments. (A)HNCACB (B) CBCACONH. 
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Figure 1.10 Magnetization coherence transfer schemes of 3D NMR experiment for 
protein backbone experiments. (A)HNCA (B) HN(CO)CA. 
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1.10 NMR as a tool for mapping protein-ligand binding interfaces 
NMR is a powerful method and is regularly used for mapping the interaction of a 
protein with ligands, such as peptides, proteins, nucleic acids, small molecules or metal 
ions (90). The finger print region in 2D HSQC experiment is very sensitive to change in 
temperature, pH, salt, addition of ligand etc. Sequential titration of a ligand to the 15N 
labeled protein can be monitored by 2D HSQC experiment. The chemical shift 
perturbation of each residue due to ligand binding can be monitored. Thus ligand binding 
site may be determined by mapping the chemical shift perturbation to the protein primary 
sequence. Based on the chemical shift change, a chemical shift perturbation plot can be 
generated which can provide information on the regions of protein involved in the 
binding. The disadvantage of this method is that amino acid residues not directly 
involved in ligand binding may have significant perturbation due to conformational 
change.  
The ModelTitr program is used to obtain dissociation constant values for each of 
the residues in the HSQC spectra of a protein upon ligand binding according to the 
chemical shifts associated with 1H or 15N (91, 92). NMR is often used for the 
determination of dissociation constants of a protein to its substrate. In this method, 
equilibrium association or dissociation constant values are calculated based on nonlinear 
least-squares fitting of the chemical shifts data versus ligand concentration assuming 
protein to ligand ratio of 1:1 (91).  Using this method either the amide proton or nitrogen 
or a weighted grouping of the two types of shifts can be analyzed. 
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1.11 Protein dynamics and PDZ domains   
In NMR experiments, the signal corresponds to the sample coming back to the 
equilibrium state from the excited state. This process is called relaxation. Backbone 
dynamics measurements for a protein include three different processes: 15N longitudinal 
relaxation rate (R1) or (1/T1), 15N transverse relaxation rate (R2) or (1/T2), and the 
heteronuclear nuclear overhauser effect (1H-15N NOE). 
 
1.11.1 15N longitudinal relaxation (T1) 
Longitudinal or spin lattice relaxation is the process by which the excited 
magnetization state returns to its ground state along the Z-axis, which is the same as the 
external magnetic field. This is called spin lattice relaxation because energy exchanges 
between spin and lattice. It is defined as the time required for the longitudinal 
magnetization to recover ~63% [1-(1/e)] of its initial value after being flipped into the 
magnetic transverse plane by a 90? radiofrequency pulse (Figure 1.11). The relaxation 
time, T1 is dependent on the gyromagnetic ratio of the nucleus and the mobility of the 
lattice. The recovery of spin lattice can be expressed as an exponential equation:  Mt = M0 
[1-exp (-t/T1)]. 
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Figure 1.11 T1 relaxation curve. 
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1.11.2 15N Transverse relaxation (T2) 
Transverse relaxation is the process by which the excited magnetization vector 
decays perpendicular to the direction of external magnetic field along X-Y plane. This 
process is also called spin-spin relaxation decay. It is defined as the time it takes for the 
magnetic resonance signal to reach 37% (1/e) of its initial value after its generation by 
tipping the longitudinal magnetization towards the magnetic transverse plane (Figure 
1.12). T2 relaxation generally proceeds more rapidly than T1 recovery. The magnitude can 
be expressed by the following exponential eq. Mt = M0 exp (-t/T2), where t is time.  
Thermodynamically these processes are different. T1 is an enthalpy-driven 
process while T2 is an entropy-driven process.  
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Figure 1.12 T2 relaxation curve. 
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1.11.3 1H-15N Heteronuclear NOE 
Nuclear overhauser effect (NOE) is defined by the change in intensity of one 
resonance when the spin transition of another is perturbed from its equilibrium positions. 
This perturbation can be saturation or inversion. The two spin states interact through 
dipole-dipole interaction. For better understanding, two spin system I1 and I2 and two 
different states ? and ? as energy level diagram are shown in Figure 1.13. 
According to the Figure 1.13, perturbation of one spin (i.g. I1) causes change in 
populations of the ? and ? state, but relaxation will force I1 back to the equilibrium state. 
In this mechanism spin I1 will relax without affecting spin I2. On the other hand, when the 
I1 polarization going back to the equilibrium from saturation, the Wo system will force 
the neighboring spin to move away from the equilibrium position and will cause a 
decrease in the ?, ? population difference. As a result, there will be decrease in I2 
intensity, after a 90o pulse. This is called a negative NOE effect. On the contrary, the W2 
mechanism will force the population difference of the unperturbed spin I2 to increase. 
This result causes an increase in signal intensity which is called positive NOE effect. 
Generally, the experiment is repeated with and without saturation. The spectrum without 
saturation is subtracted from the irradiated spectrum. The small intensity changes 
observed are due to the NOE effect.    
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Figure 1.13 Energy diagram for a dipolar-coupled two-spin system. The four states 
are ??, ??, ??, and ??; the zero- single- and double-quantum transitions are represented 
by W0, W1 and W2, respectively. Drawn according to reference 93. 
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1.11.4 Dynamics studies of PDZ domains 
Binding or release of a ligand by proteins is accompanied by conformational 
changes, which is a dynamic process (94, 95).  Thus, to understand protein function, a 
dynamics study for a particular protein is very critical. Protein flexibility can cause 
unexpected ligand binding (95-96). There are several techniques presently being used for 
protein dynamics studies among which NMR is a special use for this purpose. NMR 
covers full range of time scale that is necessary for dynamics studies of a protein (94).  
The spectral density function J(w) is related to three different relaxation rates. It also 
depends on the S2 which is termed the order parameter (97, 98).  The value of the order 
parameter varies from 1 to 0 which corresponds to completely restricted and completely 
unrestricted protein motion, respectively. Protein flexibility is important for 
understanding how a drug molecule works in biological systems, binding orientation, 
binding kinetics and metabolism. Protein flexibility is also critical for ligand induced 
binding in a protein for drug design (96). There is correlation between a protein?s 
dynamics and its function as shown in Figure 1.14. 
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Figure 1.14 Solution NMR techniques cover the complete range of dynamic events 
in enzymes. Adapted from reference 94. 
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There are reports available for PDZ domain and PDZ-ligand dynamics (99). 
Generally, dynamic properties of PDZ domains show a regular pattern; secondary 
structures are more rigid and loop structures are more flexible (99). It has been found that 
dynamic fluctuations in proteins contribute to allosteric signal transduction (100). 
Dynamics behavior of the PDZ2 domain from tyrosine phosphatase PTP-BL upon target 
peptide binding show that Gly26, which is involved directly in the binding process by 
forming a hydrogen-bond with the C-terminal carboxyl group of the peptide shows a 
dramatic decrease in  its S2 value (101). The overall dynamics show rigidity upon ligand 
binding (101).  All of the PDZ domains found so far show that upon ligand binding the 
protein becomes more rigid. It would be interesting to find a PDZ domain whose 
dynamics show that it become more flexible upon ligand binding.  
 
1.12 Objective of this work 
 
PDZ domains are one of the most important protein-protein interaction modules 
that are involved in localization, clustering of ion channels, and receptors in living 
entities. These domains are also involved in various signaling pathways which lead to 
diseases by interacting with its target proteins. PDZ domains interact with the C-termini 
of their target proteins. GIP is a multifunctional protein containing a class-I PDZ domain. 
GIP interacts with several target proteins, and the target proteins are involved in various 
signaling pathways, mostly various cancerous pathways. GIP interacts with them and 
regulates their pathways. Thus, this protein is involved in various cancerous pathways by 
interacting with its various target proteins. GIP is primarily composed of a single PDZ 
domain, and it is a small protein involved in various cancerous pathways. Thus, it is an 
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excellent target for cancer drug design. To design a successful cancer drug, it is important 
that we understand the complete network for GIP. To design a drug, it is necessary to 
characterize all the proteins which are involved in GIP binding to minimize side effects. 
My thesis is directed towards this goal. To achieve the goal, first characterization of 
structure, function, and dynamics studies are required. The first part of this thesis 
(chapter-2) covers over expression, purification, and biophysical characterization of the 
protein, followed by structural investigation. Then we have done interaction studies of 
GIP with the C-termini of its several target proteins (chapter-2). We have found new 
target proteins of GIP. Dynamics studies of GIP and GIP-ligand complexes were carried 
out to understand the protein motion or flexibility upon ligand binding. The objective of 
the second part of the thesis explains how GIP can be used as a target for the 
development of peptide based cancer therapeutics. For that purpose, it was necessary to 
find the complete network of GIP. So far, GIP has been found to interact with the C-
termini of its target proteins. To advance our understanding of GIP-ligand interaction, 
analysis was extended to find out novel motif peptides by a phage display library 
screening. Interestingly, all the peptides contain internal binding motifs and are present in 
several human proteins which are involved in various cancerous pathways. The role of 
GIP in cancer is still unknown. To learn more about the role of GIP in human cancer, GIP 
was expressed in human glioma cells. Co-localization studies of GIP with the target 
peptide were carried out. Finally, one of the peptides was tested in a cell proliferation 
assay to evaluate its potential use as an anti-cancer therapeutic. The aim of this work is to 
elucidate a mechanism of interaction of GIP with its target peptides and their biological 
functions. The obtained data might be useful for understanding how other PDZ domains 
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function. This study might have broad application in biomedical research and in the 
design of drugs. 
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CHAPTER TWO 
 
Characterization of Structure, Function, and Dynamics Studies of Human 
Glutaminase Interacting Protein (GIP) 
 
2.1 Introduction 
2.1.1 GIP 
PDZ domain containing proteins are involved in a number of important biological 
pathways. One such example is the human glutaminase-interacting protein (GIP). Human 
GIP is a small soluble multifunctional protein containing a single PDZ domain. This 
protein was named glutaminase-interacting protein because it was originally identified in 
a yeast two-hybrid genetic selection system while looking for interactors of glutaminase 
in the human brain (1). GIP interacts with the C-terminus of various target partners, 
including Glutaminase L (LGA). Glutaminase L is responsible for synaptic transmission 
and regulation of cerebral concentrations of glutamine and the neurotransmitter glutamate 
(1). Glutaminase is also important for the normal activity of the central nervous system 
(2); this enzyme also plays an important role in tumor development (2-5).  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, as it is a binding partner 
for the viral oncoprotein Tax (6). 
 
 
 
60 
 
2.1.2 Interacting partners for GIP 
The full-length human GIP contains 124 amino acid residues. GIP contains a 
single PDZ domain which is composed of residues 11-112 of the protein sequence (1). 
GIP contributes to the determination of the sub-cellular distribution and localization of 
LGA and/or regulation of its function (7, 8). The mechanism by which GIP and LGA 
interact in the brain is not completely clear. It has been found that GIP and LGA co-
localize in astrocytes and neurons (7). This study suggests that GIP plays an important 
role as a scaffolding PDZ protein in the mammalian brain (7).  In addition to glutaminase 
L, a number of other target partners have been reported, implicating GIP in key biological 
processes. Like other PDZ domain containing proteins, GIP also interacts with the C-
terminus of the binding proteins. These binding proteins are involved in various signaling 
pathways. The other reported GIP target partners are the viral oncoproteins human T-cell 
leukemia virus type I (HTLV-I) Tax (6), human paillomavirus 16 (HPV16) E6 (9), and 
the Rho-activator rhotekin (10), 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 the renal epithelia (11). GIP has also been shown to participate in the 
regulation of transcription. GIP also binds to the C-terminus of ?-catenin (12-14). ?-
catenin mediates Wnt signaling involved in the regulation of cell-cell adhesion during 
embryogenesis; however, deregulation of this signal transduction pathway frequently 
leads to the formation of various cancerous tumors (12-14). Overexpression of GIP 
reduces the proliferation and anchorage-independent growth of colorectal cancer cells 
(12).  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 
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protein FAS, which belongs to the TNF (Tumor Necrosis Factor) receptor family (15) 
and mediates cell apoptosis (16, 17).  
 
2.1.3 PDZ domain of GIP 
Most of the PDZ domains fit into three major classes (Class I to Class III). GIP 
belongs to class I PDZ domain which recognizes the C-terminal sequence S/T-X-?-
COOH of the target proteins (X denoting any amino acid and ? representing a 
hydrophobic residue).  The amino acid residues at positions 0 and -2 of the peptide 
(position 0 referring to the C-terminal residue) play a key role in the specificity and 
affinity of the interaction (12). A free carboxylate group at the extreme C-terminus of the 
target protein sequence motif is important for the interaction process. Generally, class I 
PDZ domains contain 6? strands (?1-?6) and 2? helices (?1-?2).  It has been reported 
that the PDZ domain binds the C-terminus of the interacting partner in an elongated 
groove as an antiparallel ?-strand between the second ?-helix and the second ?-strand, 
which is called the PDZ binding groove (18).  The Gly-Leu-Gly-Phe (GLGF) motif is 
conserved among all the PDZ domain containing proteins.  Very often, it is located 
within the ?1-?2 connecting loop. This loop is important for hydrogen bond coordination 
of the C-terminal carboxylate group (COO-) (19). The GLGF motif is also called 
carboxylate binding loop. In case of GIP, GLGF motif is replaced by ILGF motif. 
 
2.1.4 GIP and drug design 
PDZ domain containing proteins are potential targets for drug discovery, as they 
have a well-defined binding site. GIP interacts with a number of target proteins which are 
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involved in various cancerous pathways.  GIP is one of the smallest members of the PDZ 
domain containing family. GIP contains only one PDZ domain which represents its full 
primary structure except the N and C termini. Therefore, GIP  could be an excellent 
target for structure-based drug design. For successful drug design, it is important to 
characterize the protein completely. Structure, function, dynamics, and interaction studies 
of GIP with the C-terminal recognition motif of different binding partners will provide us  
insight into the mechanisms of action of this multifunctional protein, which is definitely a 
necessary prelude for successful drug design.  We report here the production of pure 
recombinant GIP and the characterization of structure, function, and dynamics by CD, 
fluorescence and high-resolution solution NMR.  
 
2.2 Materials and methods 
2.2.1 Cloning and over-expression of GIP 
GIP which encodes a 1.3 kb cDNA was originally cloned into the pJG4-5 vector 
(20). Cloning and optimization of over-expression of GIP was done previously in our lab 
(21). The procedures are described here. The 13.7 kDa GIP protein was expressed 
without any additional residues. For this purpose, the open reading frame (ORF) 
sequence was amplified and cloned into the NdeI/BamHI (Invitrogen) sites of the pET-3c 
vector (Novagen), using the primers mentioned here: 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 sequence of the GIP cDNA in the expression vector was confirmed by 
sequencing. Recombinant GIP protein was then expressed in E. coli BL21 DE3pLys cells 
(Novagen). Saturated LB-ampicillin culture was diluted  in LB media and grown at 37?C 
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to an A600 nm of 0.5. Expression was induced with 1 mM IPTG (Gold Biotechnology, 
Inc.) and cells were harvested by centrifugation after incubation at 30?C for 4 hours. The 
bacterial cells were suspended in phosphate buffer at pH 8 which contains 200 mM NaCl, 
4 mM EDTA, 4% glycerol, 1mM PMSF and lysed using sonication. After centrifugation 
at 14,000 rpm for 30 minutes both supernatant and pellet-containing GIP inclusion bodies 
were collected.  For production of 15N, 13C-labeled proteins, bacterial cells were grown in 
minimal media containing 15N-labeled ammonium chloride and either regular or 13C-
labeled glucose (Isotec). 
 
2.2.2 Purification of GIP 
  Soluble GIP was purified in a single step by size exclusion chromatography with 
a Sephacryl S-100 column (GE Healthcare) fitted to an FPLC system using 20mM 
phosphate buffer containing 150 mM NaCl, 1 mM EDTA and 0.1 % NaN3 as the mobile 
phase. 
 
2.2.3 Fluorescence 
All fluorescence spectra were recorded on Perkin Elmer LS 55 Luminescence 
spectrofluorometer. Tryptophan fluorescence was excited at 280 nm for ligand titration. 
Emission spectra were recorded over the range 300 nm ? 500 nm with 1 nm steps. All 
fluorescence spectra were recorded at room temperature at pH 6.5. The buffer used in the 
titration and quenching experiments was 20 mM phosphate buffer (pH 6.5), 150 mM 
NaCl, 0.1 mM EDTA, and 0.01% NaN3. In each titration experiment the concentration of 
the protein was corrected for volume dilution, and observed emission was corrected for 
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absorbance of the quencher. Emission from the control was considered by recording 
subtraction spectra between sample and control probes. 
 
2.2.4 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 20 M. The ligand 
concentrations were ranged from 2-30 ?M. Data was averaged over 100 scans for each 
protein sample and over 50 scans for each control sample. Response time was 1s and scan 
speed was 100 nm min-1. To characterize GIP interaction with target partner protein, 
titration studies were carried out. The concentration of GIP was calculated by measuring 
the absorbance at 280 nm. For tertiary structure determination 800 ?M GIP was used. 
 
2.2.5 Nuclear magnetic resonance (NMR)  
All NMR data were collected at 298K on a Bruker Avance 600 MHz spectrometer 
equipped with triple resonance H/C/N TCI cryoprobe in the Department of Chemistry & 
Biochemistry, Auburn University and processed using NMRPipe (22) and analyzed using 
NMRView (23). The sample contained ~800 ?M uniformly 15N/13C labeled GIP, 50 mM 
phosphate buffer (pH 6.5) containing 5 % D2O, 1 mM EDTA, and 0.01% (w/v) NaN3.. 
The following spectra were used for the backbone assignment: 2D {1H,15N}-HSQC, 3D 
HNCACB, 3D CC(CO)NH, 3D CBCACONH, 3D HCCONH, 3D HNHA, 3D HNCO 
and 3D HNCACO, 3D 15N edited HSQC-TOCSY, 3D 15N edited HSQC-NOESY. 2D 
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{1H, 15N,}-HSQC were obtained using the suitable Bruker pulse programs. 1H?, 13C?, 13C? 
and 13CO chemical shifts were used to determine the secondary structure using the 
programs PSSI (24) and PsiCSI (25, 26).  Ligands titration experiments were monitored 
by a series of two-dimensional 15N-edited HSQC experiments.  
Interaction studies were carried out by titration of 100 ?M GIP with three 
different C-terminal target sequences: the C-terminus of glutaminase (KENLESMV-
COOH), ?-catenin (FDTDL-COOH), (FDTDL-CONH2), FAS (NEIQSLV-COOH), Kir 
2.3 and HPV16 E6.  The amide chemical shift perturbations (??) were calculated as ?? = 
| ??15N|/f + | ??1H| (27, 28). 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 
(29) 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.  
 
2.2.6 NMR relaxation measurements 
All NMR relaxation data were collected at 298K on a Bruker Avance 600 MHz 
spectrometer equipped with triple resonance H/C/N TCI cryoprobe in the Department of 
Chemistry & Biochemistry, Auburn. Samples for relaxation measurements contained 550 
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?M protein in 50 mM phosphate buffer (pH 6.5) (containing 1 mM EDTA and 0.01% 
(w/v) NaN3) prepared using 10% D2O and 90% H2O (at 25 ?C). The relaxation studies 
were carried out on a 1:2 GIP-glutaminase C-terminal peptide complex. Relaxation rates 
and heteronuclear 1H-15N NOE enhancements were calculated from peak heights of the 
resonances in a series of 1H-15N HSQC spectra. NMRPipe (22) and NMRView (23) were 
used for peak picking and peak intensity measurements. The MODEL FREE program 
was employed for data analysis. Errors in 1H-15N NOE were expressed as the standard 
deviation of six pairs of repeated 1H-15N NOE experiments. The longitudinal and 
transverse relaxation rate constant, R1 and R2, were obtained by a two-parameter 
nonlinear optimization of a single-exponential function using the Monte Carlo nonlinear 
least-square curve-fitting algorithm. Errors in relaxation rates were obtained by Monte 
Carlo analysis.  For the Bruker Avance 600 instrument, standard Bruker pulse programs 
were used to measure T1 and T2. T1 data were acquired using relaxation delays of  10, 50, 
100, 200, 300, 400, 500, 600 and backbone amide 15N T2 values were obtained similarly: 
17, 34, 51, 68, 85, 102, 119, 136, 152, 153 ms. The same saturation time without pulse 
was used for control experiments. T1 and T2 values were converted to R1 and R2. R1 and 
R2 are rate constants for T1 and T2 respectively. The length of the proton saturation for 
NOE measurements was 5s. The NOE control experiment was collected with a 5s recycle 
delay. 
 
2.2.7 ModelFree analysis 
Relaxation parameters were used in programs developed by Palmer et al. (30, 31); 
to analyze 15N-backbone dynamics. Five different models were used to determine the 
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order parameter (S2) which gives the degree of spatial restriction of the 1H-15N bond 
vector, with values ranging from zero for isotropic internal motions to unity for 
completely restricted motion. This represents dynamics on the pico to nanosecond time 
scale. The effects of millisecond-microsecond time scale motions (Rex) are included in 
the third and fourth models. ?c (total correlation time) were determined by R2/R1. 
 
2.3 Results  
2.3.1 Protein expression 
Unlabeled GIP was expressed as described above in bacteria using standard LB 
media.  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. 
 
2.3.2 Protein purification 
GIP was purified to homogeneity in a single step by size-exclusion 
chromatography on a Sephacryl S-100 column (GE Healthcare) (Figure 2.1). 
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) were obtained per liter of bacterial culture.  
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Figure 2.1 SDS-PAGE analysis of GIP purified by size exclusion chromatography 
(Lane 1). Lane 2 and 3 represent bacterial cell lysate before purification of GIP. Lane M 
represents a protein marker (M). 
 
 
 
 
 
 
 
2.3.3 Characterization of GIP 
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2.3.3.1 Mass determination by ESI-MS mass spectroscopy 
The molecular weight of GIP was verified by mass spectroscopy. A sharp peak at 
13.7 kDa was observed that indicates pure 15N labeled GIP (Figure 2.2). 
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Figure 2.2 ESI-MS mass spectrum of GIP.  A sharp peak at 13.7 kDa was observed 
that indicates pure GIP. 
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2.3.3.2 Characterization of GIP by far-UV and near-UV CD Spectroscopy 
Circular dichroism (CD) spectroscopy measures the difference in absorption of 
left- and right- circularly polarized light when it passes through an optically active or 
chiral sample. Spectra in the far UV wavelength ranges from ~190 to 250 nm provide 
information on the polypeptide backbone conformations of proteins. Thus far UV CD 
provides important information about the secondary structures of an unknown protein. 
Far UV CD is a powerful technique that provides useful information in the change of 
secondary structural elements of a protein upon ligand binding. Deconvolution of a CD 
spectrum gives qualitative contents of ? helix, ? sheet and random coil (32). CD 
Spectroscopy has immense importance in the pharmaceutical industry for drug-
binding studies providing information on significant structural rearrangements in the 
protein or greatly enhance or diminish stability of a protein (33). Overall, CD 
spectroscopy gives information on secondary structural analysis, protein folding, and 
stability. The secondary structure of GIP was characterized by far-UV CD spectroscopy 
in phosphate buffer at pH 6.5 (Figure 2.3). Deconvolution of CD data shows that GIP 
contains 8.5% ?-helix and 35.5% ?-strand in phosphate buffer at pH 6.5.  
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Figure 2.3 Far UV-CD spectrum of GIP in 20 mM phosphate buffer (pH 6.5) at 
25oC. It shows that GIP has secondary structures. 
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CD spectroscopy can be used to find the tertiary structure of a protein. In this case 
near UV CD is being used. The near UV CD regions are from 250 nm-350 nm. The 
choromophores used for this region are aromatic amino acids and disulfide bonds. The 
regions from 250-270 nm contain the signals for phenylalanine residues, signals from 
270-290 nm correspond to tyrosine residues, and signals in the region from 280-300 nm 
are for tryptophan residues. Disulfide bonds give broad weak signals over the entire near-
UV spectrum. Sometimes it is possible that the protein has a well defined secondary 
structure but no tertiary structure.  
Presence of Near-UV signals is an indication of a well folded protein structure. 
Thus this region is very sensitive to change in environments of a protein. The main 
difficulty associated with near-UV CD is that the process gives weak signals. Thus, large 
quantities of protein are needed for this type of experiment. Near-UV CD data indicated 
that recombinant GIP has tertiary structure, an indication of properly folded protein 
(Figure 2.4).  
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Figure 2.4 Near UV CD spectrum of GIP in 20 mM phosphate buffer (pH 6.5) at 
25oC. This spectrum shows that GIP has tertiary structure. 
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2.3.3.3 Intrinsic tryptophan fluorescence 
Fluorescence is the emission from molecules that have been excited to higher 
energy states by the absorption of electromagnetic radiation. The amino acids tryptophan 
and tyrosine are known to demonstrate a strong fluorescence around 300-350 nm 
depending in the polarity of the local environment upon excitation around 280 nm. 
Protein fluorescence may be used as a diagnostic of the conformational state of a protein. 
GIP has a tryptophan residue.  The fluorescence emission spectrum of GIP (containing a 
tryptophan residue) was recorded upon excitation at 280 nm. The emission maximum 
was observed at a wavelength of 353 nm (characteristic of solvent-exposed tryptophan) 
(Figure 2.5).   
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Figure 2.5 Intrinsic tryptophan fluorescence of GIP in 20 mM phosphate buffer (pH 
6.5) at 25oC. 
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2.3.3.4 Characterization of GIP by NMR Spectroscopy 
NMR is an extremely robust technique for monitoring the conformational changes 
in the protein sample caused by pH, temperature, salt or ligand. 2D {1H, 15N}-HSQC 
experiments were performed in phosphate buffer at pH 6.5. It revealed that the backbone 
amide resonances from GIP are nicely dispersed. (Figure 2.6). The nice dispersion of 
resonances in the spectrum confirmed that GIP is a well-folded protein.  
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Figure 2.6 HSQC spectrum of GIP in 50 mM phosphate buffer (pH 6.5) at 25oC.. It 
shows that GIP is properly folded. 
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2.3.4 Interaction studies of GIP with C-terminus ligands by CD and fluorescence 
spectroscopy 
2.3.4.1 Effect of ligand binding on GIP by CD 
The effect of ligand binding on GIP secondary structure was also investigated 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 
comprised 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 the three peptides 
caused significant secondary structure changes in the CD spectra of GIP (Figures 2.7-
2.9). However, unlike the glutaminase C-terminal peptide, a small amount of white 
precipitate formed during the titration of ?-catenin and FAS C-terminal peptides with 
GIP. Deconvolution of the CD data of GIP-ligand complexes was performed and the 
secondary structure content was calculated using the program CDPro (34). The 
deconvolution results indicate that for all the 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 %. 
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Figure 2.7 Changes in the far-UV CD spectra of 20 ?M GIP (in 20 mM phosphate 
buffer atpH 6.5 at 25oC) upon addition of glutaminase (KENLESMV-COOH) 
measured from 1:0.00 to 1:1.09 molar ratio. Ratios of GIP to glutaminase are 1:0 
(magenta), 1:0.18 (green), 1:0.36 (red), 1:0.55 (brown), 1:0.73 (blue), 1:0.91 (black), 
1:1.09 (brown). 
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Figure 2.8 Changes in the far-UV CD spectra of 20 ?M GIP (in 20 mM phosphate 
buffer at pH 6.5 at 25oC) upon addition of ?-catenin (FDTDL-COOH) measured 
from 1:0.00 to 1:1.5 molar ratio. Ratios of GIP to ?-catenin are 1:0 (magenta), 1:0.2 
(green), 1:0.4 (red), 1:0.6 (orange), 1:0.8 (blue), 1:1 (Gold), 1:1.5 (green). 
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Figure 2.9 Changes in the far-UV CD spectra of 20 ?M GIP (in 20 mM phosphate 
buffer atpH 6.5 at 25oC) upon addition of FAS (NEIQSLV-COOH) measured from 
1:0.00 to 1:1.5 molar ratio. Ratios of GIP to FAS (bottom to top) are 1:0 (magenta), 
1:0.2 (green), 1:0.4 (red), 1:0.6 (blue), 1:0.8 (orange), 1:1 (brown), 1:1.5 (cyan). 
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2.3.4.2 Fluorescence and homology based model structure of GIP  
Tryptophan fluorescence of GIP was quenched effectively by C-terminus peptide 
ligand.  For each sample, when the sample was exited at 280 nm, the emission maximum 
was observed at a wavelength of 353 nm (characteristic of solvent-exposed tryptophan) 
and did not shift during titration.  
This result is consistent with the homology based model structure of GIP, in 
which the side chain of Trp83 is fully exposed to the solvent (Figure 2.10). 
  
84 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10 Homology based 3D Model structure of GIP. Secondary structure 
elements are indicated.  The side chain of the tryptophane residue, Trp83, and Histidine 
residue, His90 are shown in blue and labeled. The model was prepared with the program 
MOLMOL. 
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 2.3.4.3 Interactions of target protein recognition peptides and GIP by fluorescence 
spectroscopy 
GIP contains only one tryptophan residue. However this tryptophan can serve as 
an intrinsic fluorescence probe providing important insight about possible conformation 
change upon ligand binding. The possible change in the native environment of tryptophan 
upon ligand binding can manifest itself in the quenching of the fluorescence of the 
tryptophan residue. Upon addition of ligands, the microenvironment of the tryptophan 
residue may change which will cause a change in the fluorescence spectrum. This is a 
useful technique to study protein-protein interactions. Upon protein-ligand interactions, 
fluorescence may be altered due to energy-transfer or conformational change of a protein. 
Dissociation constant values can easily be obtained in a straightforward manner for the 
interaction studies. This is a common technique to find out dissociation constant values 
for protein-ligand interactions. 
  Addition of target peptides to GIP resulted in a small but consistent decrease in 
fluorescence intensity. The dissociation constant KD (KD = 1/Ka) was determined using 
the Eq. 1. (35): 
log[C]f = -log[Ka]+ log[(F0-Fc)/(Fc-Fi)]                 (Eq. 1) 
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 that 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 
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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 dissociation constants of 
1.66 M, 1.94 ?M and 2.64 ?M respectively (Figures 2.11-2.13).  
The free energy changes of the association were calculated by using the Eq. 2 
?G = -RT ln Ka         (Eq. 2) 
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. 
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Figure 2.11 Double reciprocal plot of titration of 1 ?M GIP (in 20 mM phosphate 
buffer (pH 6.5) at 25oC) with Glutaminase C-terminus. Inset represents the 
fluorescence emission plots corresponding to (top to bottom) 0 to 2.5 M concentration 
of KENLESMV in 1 M protein sample. (B) Double-log plot of glutaminase quenching 
of GIP fluorescence at 298 K. 
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Figure 2.12 Fluorescence emission spectra of 1 ?M GIP (in 20 mM phosphate buffer 
(pH 6.5) at 25oC) with C-terminal peptides of ?-catenin (FDTDL). Double reciprocal 
plot of titration of GIP with ?-Catenin C-terminus. Inset represents the fluorescence 
emission plots corresponding to (top to bottom) 0 to 5 M concentration of FDTDL in 1 
M protein sample. (D) Double-log plot of ?-catenin quenching of GIP fluorescence at 
298 K.  
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Figure 2.13 Fluorescence emission spectra of 1 ?M GIP (in 20 mM phosphate buffer 
(pH 6.5) at 25oC) with C-terminal peptides of FAS (NEIQSLV). Double reciprocal 
plot of titration of GIP with FAS C-terminus. Inset represents the fluorescence emission 
plots corresponding to (top to bottom) 0 to 3 M concentration of NEIQSLV in 1 M 
protein sample. (F) Double-log plot of FAS quenching of GIP fluorescence at 298 K. 
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2.3.5 GIP backbone assignment 
Assignment of 1HN, 1H?, 15N, 13C?, 13C? and 13CO backbone resonances was 
carried out based upon three-dimensional heteronuclear triple resonance experiments that 
used one- and two-bond scalar couplings to connect the atoms. Regions of 3D HNCACB 
spectrum is showing sequential connectivity for residues between V109 and K116 
(Figure 2.14).  
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Figure 2.14 Regions of 3D HNCACB spectrum showing sequential connectivity for 
residues between V109 and K116. 
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The 2D {1H, 15N}-HSQC spectrum with single-letter amino- acid code with 
residue number is shown (Figure 2.15).  
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Figure 2.15 2D {1H, 15N}-HSQC spectrum of GIP in 50 mM phosphate buffer at pH 
6.5 and 25?C. The assignment of the GIP is labeled in the HSQC spectrum. 
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2.3.6 Secondary Structure 
The secondary structure of GIP was calculated in our lab based on the assigned 
chemical shifts using the program PSSI, which as well corrected the inconsistencies in 
13C and 15N chemical shift references. The assigned chemical shifts were referenced 
according to the PSSI results and exported to the PsiCSI program for the secondary 
structure calculation. These results indicate that GIP consists of six ?-strands and two ?-
helices with residues: 11-23 (?1), 27-35 (?2), 54-60 (?3), 64-70 (?1), 76-81 (?4), 83-88 
(?5), 90-100 (?2) and 103-112 (?6) at pH 6.5 and 298 K (Figure 2.16). 
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Figure 2.16 Consensus (using H?, C? and CO chemical shifts) chemical shift 
index(CSI) showing secondary structural elements of GIP using (a) PSSI and (b) 
PSICSI programs in our lab. Adapted from reference 21. 
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2.3.7 Interaction of GIP with C-terminal target protein sequence motifs by {1H, 
15N}-HSQC NMR 
NMR is a versatile technique for monitoring structure-activity relationships 
(SAR) for protein-protein or protein-ligand interactions (36). In the 2D {1H, 15N}-HSQC 
spectra, the chemical shifts of residue/s change upon ligand binding. This region is called 
the finger print region of a protein and is very sensitive. It provides information on the 
protein conformation. Perturbation in the chemical shifts from the original positions upon 
ligand binding or change in temperature or pH indicates conformational change of a 
protein. To investigate the binding and possible conformational change in GIP, titration 
studies were carried out with the three C-terminal peptides that act as surrogate to the 
target protein while monitoring the fingerprint region of the protein in the 2D {1H, 15N}-
HSQC spectra. NMR titration studies were performed for GIP with excess (? 70 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. An overlay of the 
HSQC spectra collected in the absence and presence of different concentrations of target 
peptides are shown in Figures 2.17 ? 2.21. The chemical shift positions of most residues 
in the free GIP were perturbed in the HSQC spectra upon binding to C-terminal target 
protein recognition sequence motifs. Dissociation constant (KD) values for various 
residues of GIP were calculated assuming 1:1 binding stoichiometry. 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 varies (37-39).  
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We observed that the free FAS peptide precipitated out from the buffer slowly 
with time at all concentrations. 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 which may be due to the less protein used in fluorescence 
experiments. 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. 
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Figure 2.17 Changes of 2D {1H, 15N}-HSQC spectrum upon addition of glutaminase 
(KENLESMV) to 100 ?M GIP in 50 mM phosphate buffer (pH 6.5) at 25oC. (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 E17 
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 constants KD corresponding to residue E17, was determined by 
fitting the chemical shift change of the residue. The determined KD value is 20.7 ? 5.8 
?M. 
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Figure 2.18 Changes of 2D {1H, 15N}-HSQC spectrum upon addition of ?-catenin 
(FDTDL-COOH) to 100 ?M GIP in 50 mM phosphate buffer (pH 6.5) at 25oC. (A) 
The 2D {1H, 15N}-HSQC spectrum demonstrating chemical shift perturbations of 
residues upon titration of ?-catenin (FDTDLCOOH) to 100 ?M GIP. Ratios of GIP to ?-
catenin (FDTDL) ranges 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 constants 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 ?M. 
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Figure 2.19 Changes of 2D {1H, 15N}-HSQC spectrum upon addition of FAS 
(NEIQSLV) to 100 ?M GIP in 50 mM phosphate buffer (pH 6.5) at 25oC . (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 constants 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 ?M. 
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Figure 2.20 Changes of 2D {1H, 15N}-HSQC spectrum upon addition of Kir 2.3 to 
100 ?M GIP in 50 mM phosphate buffer (pH 6.5) at 25oC. (A) The 2D {1H, 15N}-
HSQC spectrum demonstrating chemical shift perturbations of residues upon titration of 
Kir 2.3 to GIP. Ratios of GIP to Kir 2.3 range from 1:0 to 1:100. (B) Expanded regions of 
the spectrum demonstrating chemical shift perturbations of residue Q23 upon titration of 
GIP with Kir 2.3. Ratios of GIP to Kir 2.3 are 1:0 (black), 1:0.4 (magenta), 1:3 (cyan), 
1:5 (Blue), 1:10 (yellow), 1:50 (green). 
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Figure 2.21 Changes of 2D {1H, 15N}-HSQC spectrum upon addition of HPV 16 E6 
to 100 ?M GIP in 50 mM phosphate buffer (pH 6.5) at 25oC. (A) The 2D {1H, 15N}-
HSQC spectrum demonstrating chemical shift perturbations of residues upon titration of 
HPV 16 E6 to GIP. Ratios of GIP to HPV 16 E6 range from 1:0 to 1:100. (B) Expanded 
regions of the spectrum demonstrating chemical shift perturbations of residue Q23 upon 
titration of GIP with HPV 16 E6. Ratios of GIP to HPV 16 E6 are 1:0 (black), 1:0.4 
(cyan), 1:3 (yellow), 1:10 (blue), 1:50 (magenta). 
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2.3.8 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-
ligand interactions by NMR. To investigate GIP-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 timescale except for few residues which were found 
to be in intermediate exchange. Glutaminase 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 group were found 
to cluster in several regions of the GIP sequence while interacting with glutaminase L, in 
particular, Ile18-Arg22, Gly34-Ile37, Ser42-Gln43, Tyr56-Glu62, Leu71, Thr86, Arg94-
Arg101, and Phe46 (Figure 2.22A). However, 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 Gln39 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, ?1, ?5, ?2 (Figure 2.22B). 
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 Residues Leu29 and Gly30 also show conformational exchange. Chemical shift 
perturbation map of 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 2. 22C). Residues Gly30, Ile28, 
and Leu29 show conformational exchange. These results indicate that the protein 
undergoes a conformational change upon binding to ligands. 
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Figure 2.22 Chemical shift perturbations (??) of the GIP backbone amide groups 
upon binding with glutaminase, ?-catenin and FAS C-terminus. The combined 1H 
and 15N chemical shift differences, calculated using the equation ?? = |??15N|/f + |??1H|, 
where f is the scaling factor (f=8.7) used to normalize the 1H and 15N chemical shifts, 
were plotted against residue number. (A) Chemical shift perturbations (??) of the GIP 
backbone amide groups upon binding the glutaminase C-terminus. (B) Chemical shift 
perturbations (??) of the GIP backbone amide groups upon binding the ?-catenin C-
terminus. (C) Chemical shift perturbations (??) of the GIP backbone amide groups upon 
binding the FAS C-terminus. 
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       Kir 2.3 caused pronounced chemical shift changes in the {1H, 15N}-HSQC spectrum 
of GIP. Residues with large chemical shift changes (greater than 0.2 ppm) of their 
backbone amide group were found to cluster in several regions of the GIP sequence while 
interacting with kir 2.3 peptide, in particular, Ile28- Gly35, Thr86- Gln92 (Figure 
2.23A). However, residues Leu29, Gly30, Gly34, Glu67, Gly74, val88, Asp91 showed 
chemical shift changes greater than 0.2 ppm (highly shifted amide groups). The 
resonances of several residues particularly Ile28, Leu29, Gly30, Ile33 located in the ?2 
strand showed severe broadening, indicating the presence of conformational exchange 
phenomena. The largest chemical shift changes also occurred in the ?2 strand and the ?2 
helix.  
When HPV 16 E6 was added, systematic changes in the spectra occurred and the 
beginning and end points of the HPV 16 E6 titration, where the chemical shift 
perturbation is most easily identified. The signals fall into three categories. First, many 
signals show substantial changes in chemical shift (i.e. the peak positions change by 
significantly more than the total peak line width).  Residues with large chemical shift 
changes (greater than 0.2 ppm) of their backbone amide group were found to cluster in 
several regions of the GIP sequence while interacting with HPV 16 E6 peptide, in 
particular, Ile28-Ile37, Thr86-Arg96 (Figure 2.23B). However, residues Ile28, Leu29, 
Gly30, Ile 33, Gly34, Gly35, Asp40, Lys53, Thr86, val88, Asp91, Gln92 and Arg96 
showed chemical shift changes greater than 0.2 ppm (highly shifted amide groups). The 
resonances of several residues particularly Leu29, Gly30, Ile33 located in the ?2 strand 
showed severe broadening, indicating the presence of conformational exchange 
phenomena. 
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Figure 2.23 Chemical shift perturbations (??) of the GIP backbone amide groups 
upon binding with the kir 2.3 and HPV 16 E6 C-terminus. The combined 1H and 15N 
chemical shift differences, calculated using the equation ?? = |??15N|/f + |??1H|, where f 
is the scaling factor (f=8.7) used to normalize the 1H and 15N chemical shifts, were 
plotted against residue number. (A) Chemical shift perturbations (??) of the GIP 
backbone amide groups upon binding the kir 2.3 C-terminus. (B) Chemical shift 
perturbations (??) of the GIP backbone amide groups upon binding the HPV 16 E6 C-
terminus.  
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2.3.9 Molecular model and refinement 
A molecular model was constructed for the residues ranging from Leu29 to 
Leu108 using known coordinates of most similar non-identical protein second PDZ 
domain of human scribble protein of known structure (PDB code 1whaA). Human 
scribble protein shares 43 % sequence identity with GIP. The rough model was 
constructed with SWISS-MODEL (38, 39). The three-dimensional visualization was 
performed on a UNIX workstation using the MOLMOL program (40). 
 
2.3.10 Dynamics of GIP and GIP-glutaminase peptide complex from 15N relaxation 
measurements 
15N relaxation data of the backbone amide nitrogens in both free and complexed 
forms, including steady-state {1H-15N} NOE intensities and R1 and R2 relaxation rates as 
a function of GIP sequence were calculated. Overlapped peaks and uncharacterized 
residues are excluded from the data. The backbone 15N relaxation parameters are broadly 
similar. The residues in the defined secondary structure exhibit highly restricted mobility, 
while residues at both termini of the protein are flexible, which is consistent with our 
secondary structure model. There is a little change in the 1H-15N NOE value upon 
glutaminase peptide binding. 
To further elucidate the binding mechanism of the Glutaminase L peptide to GIP, 
we carried out backbone dynamics studies.  The order parameters {S2} from both free 
and complex forms of GIP were calculated using: steady-state 1H-15N NOE intensities, R1 
and R2 relaxation rates by Modelfree analysis. R1 (Figure 2.24A) and R2 (Figure 2.24B) 
relaxation rates and steady state 1H-15N NOE (Figure 2.24C) intensities for GIP are 
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determined. The order parameters {S2} of GIP were calculated using: steady-state 1H-15N 
NOE intensities, rate constant for T1 (R1) and rate constant for T2 (R2)relaxation rates by 
Modelfree analysis (Figure 2.25).  
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Figure 2.24   Plots of R1, R2, NOE as a function of residue number. Measured R1 
values are shown in panels A R2 values are shown in panels B, and lH-15N NOE data are 
shown in panels C.   
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Figure 2.25 Plot S2 as a function of residue number for GIP. 
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Similarly, R1 (=1/T1) (Figure 2.26A) and R2 (=1/T2) (Figure 2.26B) relaxation 
rates and steady state 1H-15N NOE (Figure 2.26C) intensities for GIP-glutaminase L 
complexes are determined. The order parameters {S2} of GIP-glutaminase L complexes 
were calculated using: steady-state 1H-15N NOE intensities, R1 and R2 relaxation rates by 
Modelfree analysis (Figure 2.27). 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 D49 are residues that form part of the binding pocket, 
including the ILGF motif (canonical GLGF) and the ?2-?3 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. The backbone 
15N relaxation parameters are broadly similar for both the free and complex states. The 
residues in the defined secondary structure exhibit a relatively restricted mobility, while 
residues at both termini of the protein are flexible which is consistent with both our 
secondary structure model and general NOE pattern.  The 1:2 ratio was chosen for 
studying the dynamic interaction between GIP and Glutaminase L peptide. It is 
interesting to note that the residues that encompass the binding loop ILGF (consensus 
GLGF) and most of ?2 disappear in the titration process.   
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Figure 2.26 Plots of R1, R2, NOE of GIP-glutaminase complex as a function of 
residue number. Measured R1 values are shown in panel A, R2 values are shown in 
panelB, and lH-15N NOE data are shown in panel C.   
       
 
114 
 
 
Figure 2.27 Plot of S2 of GIP-Glutaminase L complex as a function of residue 
number.  
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Fascinatingly, the overall correlation times of the free and complex forms of the 
GIP were found to be 10.1 and 9.3 nsec, respectively. Dynamics of GIP and GIP-
Glutaminase complex were carried out to understand the function of GIP. The dynamic 
properties of GIP show a regular pattern; secondary structures are more rigid and loop 
structures are more flexible. Interestingly, residues Gly34, Asp38, Gly64, and Gln91 
exhibit S2 values lower than 1 in the complex form of the protein. Hence, it appears that 
GIP induces a conformational change whereby residues that have lower flexibility in the 
free state are released from their restricted environment in the complex state.  
In the free GIP, residues Ile28, Phe31, Ile33, Gly35, Gly36, Asp40, Phe46, 
Asp49, Thr51, Gly54, Thr58, Gly63, Leu71, Gly74, Gly82, Val88, Gln92, Arg96, Ser101 
of GIP showed conformational exchanges (Rex>1) on the micro- to millisecond timescale. 
Upon binding to the C-terminal glutaminase peptide, residues Gly24, Gly34, Gly36, 
Gln39, Ser42, Phe46, Thr51, Gly54, Val57, Thr58, Gly63, Ala66, Leu71, Met85, Asp91, 
Leu97, Lys99, and Thr110 showed conformational exchanges (Rex>1) on the micro- to 
millisecond time scale. 
 
2.4 Discussion 
 
Because GIP plays a pivotal role in many cellular signaling pathways, it is 
considered an excellent drug target (41). For successful drug design, understanding the 
mechanisms of protein-protein interactions, binding, recognition and specificity are very 
critical.  
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Recombinant GIP has been produced in minimal media with a yield of 56 mg/L 
for structural, functional, and protein-protein interaction studies. 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 a large molar 
absorption coefficient, and its fluorescence intensity (IF) and wavelength of maximum 
intensity (?max) are sensitive to the microenvironment of the indole group (42).  The ?max 
of the tryptophan residue of GIP was red-shifted to 353 nm, characteristic of a solvent-
exposed tryptophan side chain. Fluorescence studies for all the 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 from the tryptophan residue but can 
induce a protein conformational change, altering the microenvironment of the tryptophan 
(43).  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 constants determined from the fluorescence intensity measurements revealed 
that the three ligands bind to GIP with similar affinities in the range of 1-10 ?M. These 
moderate affinities are probably suitable for regulatory functions (44). Our results show 
that GIP has several target partners, and we hypothesize that it might have more target 
partners (Figure 2.28). 
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Figure 2.28 GIP tree: various interacting partners of GIP. 
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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 
increases. 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.  
The secondary structure calculations in our lab from PSSI and PSICSI show that 
the structure of GIP comprises of 6 ?-strands (?1- ?6) and 2 ? helices (?1 and ?2). The 
three-dimensional model of GIP 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, ?2 orients parallel to ?2, 
thus forming a groove, where the ligands for PDZ domain bind. The mapping of ligand-
induced chemical shift perturbations clearly indicates that the ligands bind to the 
canonical binding pocket, the ?2 and ?2 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 (19). The exception to GLGF motif is the PDZ 
domain of PDZ2 from Human Phosphatase hPTP1E with SLGF motif (45).  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 
(46), His90 in the ?2 helix should contribute significantly to the binding of ligands C-
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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 a preference for a particular residue at 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 occuring 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.   
It is known that proteins do exhibit conformational flexibility while performing 
their biological function. Knowledge of conformational flexibility on various time scales 
is often essential to understand the function and mode of interaction of a protein. 
Conformational fluctuation in the millisecond time scale often plays an important role in 
protein-protein and protein-ligand interactions. Dynamics of the GIP and the GIP-C-
terminal glutaminase peptide complex were carried out to understand the interactions 
between GIP and C-terminal glutaminase peptide. 15N NMR relaxation data have been 
used to characterize the backbone dynamics of the human glutaminase interacting protein 
in its free and glutaminase C-terminal peptide bound state. Fast motions in the nano- to 
picosecond time scale are biologically very important because of their strong effect on 
the conformational entropy of the system. 
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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. The dynamic properties of GIP show a regular pattern; secondary structures 
are more rigid and loop structures are more flexible. It also shows that, overall there is an 
increase of GIP flexibility upon glutaminase C-terminus binding. This, again from 
another aspect, corroborates our conclusion that GIP is induced to a conformational 
change after binding to glutaminase recognition sequence motif. Interestingly, this result 
is contrary to a previous study which proposed a global compaction of PDZ domain after 
the encounter of the target ligand (47). In contrast to the overall increase in flexibility 
observed in the binding of the Glutaminase L peptide to GIP, previous dynamic 
measurements of ligand-binding on other PDZ domains have shown more local effects 
(48).  It showed that upon ligand binding, while there was a small increase in S2 values 
throughout the protein, the differences were most pronounced in the 2- 3 loop and the 
2 helix. Thus, the general trend is that the overall complex structure becomes more 
flexible which is distributed throughout the protein. Furthermore, the increase in 
flexibility throughout GIP also includes the flexible regions of the protein such as the ?a-
?b hairpin and ?2-?3 loops as well as both termini. 
 
2.5 Conclusions 
 
The studies performed include steps towards understanding the structure, 
function, dynamics, and mode of interactions of a PDZ domain-containing 
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multifunctional human protein. GIP was overexpressed and purified to homogeneity by 
size exclusion chromatography. Our results show that GIP interacts with C-terminus of 
its several target proteins. GIP undergoes a conformational change upon ligand binding. 
Structure, function, dynamics, 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. Our results show that GIP is involved in various 
signaling pathways, by recognition of C-terminus of its different binding proteins. GIP is 
a small protein and primarily composed of a single PDZ domain. GIP is also involved in 
the cancerous pathways by interacting with its binding proteins. Thus GIP can be used as 
a potential target for structure based anti-cancer drug design. Indeed, GIP regulates many 
of the signaling processes through its PDZ domain. It has been found that dynamics of 
GIP do not show any local change, but rather it shows that overall the protein becomes 
more flexible upon C-terminus of glutaminase L binding. To get an insight into cellular 
signaling, it is important that we understand protein-protein interactions, and how these 
interactions regulate the well-being of a cell.  
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CHAPTER THREE 
 
Structural and Functional Characterization of GIP Interaction with Novel 
Internal Motif Peptides: Potential Candidates for Development of Anti-
Cancer Therapeutics 
 
3.1 Introduction 
3.1.1 GIP and anti-cancer drug design 
GIP is involved in various cancerous pathways. Thus, it can be used as a target for 
anti-cancer therapeutics.  GIP is a small protein and primarily composed of a single PDZ 
domain. GIP has a well-defined binding site. Thus, it is an excellent candidate for anti-
cancer drug design. Development of drugs targeting a specific protein is achievable when 
its network is fully characterized to minimize side-effects.  To extend the GIP interaction 
network, we used an f8-type phage displayed peptide library to screen for new GIP-
binding peptides that may lead to identification of new partner proteins. Such peptides 
may serve as leads for development of novel anti-cancer therapeutics that specifically 
target GIP.  
 
3.1.2 PDZ domain and phage display technology 
Phage display was used for identification of C-terminal interacting motifs for 
several PDZ domains (1,2, 3). For example, a phage display library with peptides fused to 
the carboxyl terminus of the M13 major coat protein was used for two different PDZ 
domains from a membrane-associated guanylate kinase to find consensus sequences (1). 
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Bacteriophage T7 was used to identify binding sequences for the 10th PDZ domain 
(PDZ10) of the multi-PDZ domain protein 1 (MUPP1) and the third PDZ domain (PDZ3) 
of postsynaptic density-95 (PSD-95) protein (4). 
The use of phage display libraries for finding internal motifs for a PDZ domain is 
uncommon.  To date there are a few crystal structures available that show internal motif 
recognition by PDZ domains (5, 6, 7). We show that GIP selectively binds internal motif 
consensus sequences from a highly diverse peptide library fused to the -helical position 
of P8 (8). We describe the analysis of PDZ domain binding specificities that utilizes this 
display system. Together with structural analysis, we establish the internal motif phage 
display as a powerful new method for mapping PDZ domain ligand specificity. 
 
3.1.3 Methods for characterization of PDZ-containing proteins at cellular level: 
immunocytochemistry, intracellular colocalization, and MTT assay  
 Immunocytochemistry is a commonly used technique for detection of proteins in 
cells by the use of protein-specific antibody. The presence of a particular protein as well 
as the expression level of the protein can be demonstrated by this method.  
Colocalization is a common term in cell biology. It is defined as the overlap 
between different fluorescent labels with different wavelengths to see if the different 
targets are located in the same region of the cell. Using fluorescence microscopy, 
different targets containing fluorescent tags can be located within cells, and their 
colocalization can be established. This technique was used for different PDZ domains for 
localization of the protein inside various cells. It has been reported that in some cases 
PDZ domain-containing proteins form complexes to perform their function. Once they 
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form the complex, signal transduction pathways can be regulated. Mutation in the PDZ 
domain may cause no formation of the complex, and consequently, its function will be 
also disrupted. There are reports indicating that many other proteins help to form a 
complex and mutations in them that cause disruptions in complex formation (9, 10).  
Tetrazolium salts are commonly used in cell biology to assay cell metabolism 
(11). MTT is a colorimetric assay for measuring the activity of mitochondrial enzymes 
present in metabolically active cells. The method is based on the metabolic activity of 
viable cells and 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. This method is used to 
determine cellular toxicity of a tested compound. Cytotoxicity, cell viability, and 
proliferation of living cells have been studied using the MTT method (12, 13, 14). The 
use of this method helps design drugs and will be useful for disruption of signaling 
pathways where GIP is involved. 
 
3.2 Materials and Methods 
3.2.1 Protein expression and purification 
The procedure for expression and purification of GIP was carried out as described 
previously (15). Briefly, the recombinant pET-3c/GIP plasmid was transformed into 
Escherichia coli (E. coli) BL21 DE3pLys cells, and expression was performed in LB 
media for unlabeled and M9 minimal media containing 13C-labeled glucose and/or15N-
labeled ammonium chloride for structural studies.  Overnight bacterial culture was 
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diluted 1:25 with fresh minimal media and was grown at 37 ?C until OD600 = 0.4-0.5.  
Expression was induced with 1 mM IPTG at 30o C.  After 15 h of continuous incubation, 
the bacterial cells were harvested by centrifugation. The harvested cells were lysed by 
sonication in lysis buffer (50 mM sodium phosphate, 200 mM NaCl, 4 mM EDTA, 4% 
glycerol, 1 mM PMSF, pH 8.0). After centrifugation, the supernatant containing GIP was 
collected and retained for further purification. GIP was purified by a single-step size 
exclusion chromatography on a Sephacryl S-100 column (GE Healthcare). Pooled 
fractions of the pure protein were concentrated using millipore concentrator (with a 3000 
MWCO) and the buffer was exchanged using the same concentrator with a buffer 
containing 50 mM sodium phosphate at pH 6.5, 1 mM EDTA and 0.01% (w/v) NaN3.   
 
3.2.2 Screening of the phage displayed peptide library  
For identification of GIP-binding peptides, a pVIII 9-mer phage display library 
was used (16). The library contains 2x109 different phage clones with multivalently 
displayed foreign peptides, providing incredible diversity for finding target proteins in 
non-stringent conditions (17). Prior to the library selection, GIP was purified as described 
above and dialyzed against 0.1M phosphate buffer at pH 8.0. Two wells of a Medisorp 
(Nunc, thermo scientific, catalog # 467320) 96-well plate were coated with the purified 
protein at a 100 ?g/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 was added to the well for additional 1h incubation at 
room temperature. After incubation, unbound phages were discarded and the wells were 
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washed 10 times with TBS containing 0.1% Tween 20 (TBST). The bound phages were 
eluted with 0.2 M glycine, pH 2.2 for 10 minutes. The eluate was immediately 
neutralized using 1M 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. 
 
3.2.3 Phage binding assay 
Medisorp 96-well plates were coated with GIP at 70 ?g/ml, at 40C overnight. The 
wells were blocked with 1% BSA in TBS for 1h at room temperature. An additional set 
of uncoated wells was also blocked for the negative control. The wells were washed with 
washing buffer (0.1% Tween 20 in TBS buffer, pH 7.0) two times. Each selected phage 
clone was amplified individually and added at 5x106 cfu/well to the GIP-coated wells for 
1 hr incubation at room temperature. After incubation, the wells were washed 10 times 
with TBST washing buffer. Bound phage were recovered by adding 25 ?l 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 ?l/well) were added to 
the wells for 15 minutes to allow phage infection. Next, 180 ?l of NZY broth (pH 7.5) 
containing 0.4 ?g/ml tetracycline was added to each well and the plates were placed in a 
37o C incubator for 45 minutes. Finally, the content of each well was plated on NZY 
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plates containing 20 ?g/ml of tetracycline for overnight incubation at 37o C. To quantify 
the phage, bacterial colonies were counted by a colony counter next morning. 
 
3.2.4 GIP-peptide titration by NMR 
Interaction studies were carried out by titration of 100 ?M 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 (??) were calculated as ?? = | ??15N|/f + | ??1H| (15). 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 each titration, peptide from stock solution and 
after a ratio of 10:1, solid peptide was added in increasing amounts to an excess that 
approached saturation with peptide: protein ratios between 40:1 and 140:1 for the above 
peptides. 
 
3.2.5 GIP-peptide models by solution NMR 
To get the model structure of GIP in complex with ESSVDLLDG and 
GSGTDLDAS peptides, I performed the following experiments: 2D TOCSY (18) and 2D 
ROESY (19) on each peptide, 2D 15N/13C F1, selectively filtered NOES (20), 3D 13C-
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edited/filtered HSQC-NOESY and 3D 15N-edited/filtered HSQC-NOESY (21) on each 
peptide/protein complex.  The sample contained ~400 ?M uniformly 15N/13C labeled GIP, 
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. Dr. David Zoetewey analyzed the 
NOESY data and carried out structure calculations including ARIA refinement. He found 
peptide-peptide and peptide-protein NOEs that were added to the set of previously 
determined protein NOEs from free GIP for structure calculation using ARIA (22).  On 
an iterative basis, the structures were evaluated and refinements made to the ARIA inputs 
using VMD (23) to visualize the structures.  For the final ensemble of structures, out of 
total of 200 starting structures, the 25 with lowest energy were chosen for water 
refinement.  Of those, the 20 with the lowest energy were selected for analysis (24).  
 
3.2.6 Immunocytochemical localization of GIP in cancer cells   
Human glioma cells D54 MG, U87 MG, and GBM8 were plated onto 4-chamber 
slides (Nunc, Naperville, IL) at the density of 3x104 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 37oC for 24 hrs. 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, 2mM EDTA in PBS, pH 7.2) 
for 1h. 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 4oC. The 
primary antibody was removed and the slides were rinsed with PBS. Secondary goat anti-
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mouse Alexa 488-conjugated antibody (Novus Biologicals, Littleton, CO) diluted 1:40 in 
PBS/BSA was added, and incubation was carried out 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.  
 
3.2.7 Peptide internalization and co-localization with GIP in D54 MG cancer cells 
To demonstrate the ability of the peptide to be internalized by human glioma D54 
MG cells, human glioma cells D54 MG cells were plated onto 4-chamber slides (Nunc, 
Naperville, IL) at the density of 3x104 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 37oC for 24 hrs. The cells were treated with TAMRA-labeled 
ESSVDLLDGGG(R)7 peptide at 1 ?M for 25 min. After incubation, the cells were 
washed three times with PBS and fixed with 1% paraformaldehyde for 15 minutes. 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 ?M 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 1h at room temperature. The cells were 
then incubated with primary anti-GIP mouse monoclonal IgG antibody overnight at 4 ?C 
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and washed three times with PBS as in the previous section. Fluorescein Alexa 488 anti-
mouse secondary antibody was then added and incubated for 1h at room temperature. 
After washing the cells three times with PBS, the cells were mounted and evaluated by 
fluorescence microscopy. 
 
3.2.8 MTT assay  
The effect of a synthetic peptide (ESSVDLLDG conjugated to R7 (RRRRRRR) to 
penetrate the cell membrane) on D54 MG cells were 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 x 103cells/well and 
cultured 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 ?M 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. 
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3.3 Results 
3.3.1 Identification of GIP-binding peptides by phage display 
 GIP-binding peptides were selected from a f8-type 9-mer phage displayed peptide 
library (25) that displays 4000 copies of the foreign nonamers in  the N-terminal part of 
the major coat protein pVIII of fd phage. The library was constructed in the laboratory of 
Dr. Petrenko (CVM, AU) by replacement of amino acids 2?5 of pVIII with random 
nonamers. The library allows selection of highly homologous families of peptides in non-
stringent conditions due to its multivalency and avidity effect (17) with easily 
recognizable binding motifs (26).  The selection process was consisting of several steps. 
First, the phages are allowed to bind to GIP. Then, the unbound phages are washed away 
and bound ones were eluted and bacterial amplified. The selection process was repeated 
three times. To reveal GIP-binding motifs, the gene gpVIII DNAs were amplified by PCR 
(using the following primers: f8s-20: 5?-CAAAGCCTCCGTAGCCGTTG-3?, f8as-20: 
5?-CATTCCACAGACAGCCCTCA-3?) from 33 phage clones, sequenced, and translated 
into 18 unique peptide sequences. Based on sequence alignment, they were placed into 
two groups (Table 3.1).  Group 1 contained peptides with S/T-S-V/L-D 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. 
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Table 3.1 Peptide sequences identified for GIP binding from a phage display library 
placed into two main groups. Group 1 contained peptides with S/T-S-V/L-D as a 
common motif which occupied position from 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.   
  
    Group 1 
 
 GGSSVDSEG 
  ESSVDLLDG   
 GSSSVDVDG 
 AISSVDSMG 
  ESSVDMIGD 
  GSSVDLVGD 
AYESSVDDN 
 ASSSVDDMA  
  GSSLDVTSE 
  GSSLDVTDN  
GYETSLDSN 
 
 
   Group 2 
  
 DSNLDVSVE 
 VSNLDTTND  
 GTNLDGNGD 
GSMNLDVQS  
 GGNLDVNVG 
 DGNLDSYDN 
  
 
 
 
    Other 
 
 GSGTDLDAS 
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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 
(16). 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 bind 
to GIP at numbers ranging from 5 to 278 (cfu), but do not bind either to BSA or to the 
plastic. The vector phage alone did not bind to GIP. 
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3.3.2 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 (27), were selected for the NMR studies. 
Chemical shift mapping is a powerful method 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 (27, 28, 29). 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 (15). 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 (Figure 3.1). A few specific residues 
such as Leu29 and Gly30 followed intermediate exchange kinetics as seen by the 
disappearance of these peaks (Figure 3.1). The decrease in peak intensity of these 
residues is due to exchange between amide resonances of free and bound GIP. Residues 
Leu29 and Gly30 are 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 (27).  This causes large chemical shift 
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Figure 3.1 GIP PDZ domain shows direct interaction with the GSSLDVTDN 
internal motif peptide. Changes of 2D {1H, 15N}-HSQC spectrum upon addition of 
GSSLDVTDN peptide to 100 ?M GIP in 50 mM phosphate buffer (pH 6.5) at 25oC. 15N-
HSQC spectra of 15N-labeled GIP PDZ domain alone (blue) and with GSSLDVTDN 
peptide (magenta).  
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perturbations in these residues (30).  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.  
 
3.3.3 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 (Figure 3.2) 
and the significant chemical shift perturbations were grouped into three categories: 
medium shifted (>0.1 ppm), large shifted (>0.2 ppm), and intermediate exchange (Table 
3.2).  
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Figure 3.2 Chemical shift perturbation profiles of GIP upon binding to various 
internal motif peptides.  Chemical shift perturbations ( ) of the GIP backbone amide 
groups upon binding each of the following internal motif peptides: (A) ASSSVDDMA, 
(B) ESSVDLLDG, (C) GSGTDLDAS, (D) GTNLDGNGD, (E) GSSLDVTDN.  is 
calculated as described in the Methods section. 
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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 
 
Table 3.2 Chemical shift perturbations of GIP residues upon binding to internal 
motif peptides.  
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          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 (Figure 3.3). The three dimensional structure of GIP was developed in 
our lab previously (27). 
Chemical shift perturbation analysis shows that the ILGF loop, 2 strand, and 2 
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 1, a, and 3 strands 
as well as the 1 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 2 strand and 2 helix of GIP as the canonical C-terminal motif. This 
binding is allostrically driven, reminiscent of the way GIP binds to C-terminal motifs 
(27).   
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Figure 3.3 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  > 0.2 ppm, yellow indicates 
0.2ppm >  > 0.1 ppm, blue indicates 0.1 ppm >  and green indicates intermediate 
exchange. Selected secondary structural elements are labeled in red. The free GIP 
structure was developed in our lab previously. Free GIP structure was adapted from 
reference 27.  
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3.3.4 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 how these substitutions affect the binding to GIP. 
GIP was titrated with various concentrations of the alanine substituted peptide 
GSSAAVTDN. Compared with the wild-type GSSLDVTDN peptide (Figure 3.1), the 
chemical shift perturbation is negligible for the AA substitution (Figure 3.4).  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 3.2). 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. 
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Figure 3.4 GIP PDZ domain does not bind with the double-substituted 
GSSAAVTDN peptide.  Changes of 2D {1H, 15N}-HSQC spectrum upon addition of 
GSSAAVTDN peptide to 100 ?M GIP in 50 mM phosphate buffer (pH 6.5) at 25oC . 
15N-HSQC spectra of 15N-labeled GIP PDZ domain alone (blue) and with GSSAAVTDN 
peptide (magenta).  
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3.3.5 Mechanism of internal motif recognition by GIP from model structure   
 The structure of GIP bound to internal motif peptides were determined by David 
Zoetewey in our lab. Internal motifs bound by ?-strand addition to form an antiparallel ?-
sheet with the ?2 strand from GIP like C-terminus peptide binding.  Internal peptides 
bind to GIP as an anti-parallel -stand through this process, and the hydrophobic residue 
at P0 buries into the hydrophobic pocket created by Leu29, Phe31, Leu97 and Ile33 
residues from GIP.  For ESSVDLLDG and GSGTDLDAS the P0 is taken by V4 and L6 
respectively, which are hydrophobic residues.  Both side chains fit into the hydrophobic 
pocket created by Leu29, Phe31, Leu97 and Ile33 residues from GIP. It was found that S 
or T at the P-2 position forms a hydrogen bond with His90 at the ?2:1 position in GIP. S2 
from ESSVDLLDG (Figure 3.5A,B) and T4 from GSGTDLDAS (Figure 3.5C,D) form 
hydrogen bonds with His90 in GIP. S2 and T4 which are at the P-2 position from V4 and 
L6 at the P0 position in the ESSVDLLDG and GSGTDLDAS peptides respectively. 
Interestingly, other S or T is not involved in the binding process. Both Leu29 and Gly30 
amides within the ILGF loop of GIP make hydrogen bonds to a carboxylate group from 
the side-chain of D at P+1 for an internal motif. For canonical C-terminal peptide binding 
this takes place with the C-terminal carboxylate of the interacting partner (27). For the 
internal recognition motifs, the side chain of aspartate at the P+1 position acts as a 
substitute for the C-terminus. Sidechain carboxylate group of D5 and D7 in 
ESSVDLLDG and GSGTDLDAS play this role.  
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Figure 3.5 Model structures of GIP-ESSVDLLDG and GIP-GSGTDLDAS 
complexes were determined in collaboration with Dr. David Zoetewey in Mohanty?s 
lab. (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. Adapted 
from reference 24. 
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3.3.6 GIP- binding internal motif peptides as potential anti-cancer agents 
 While the exact role of GIP in cancer is unknown, the protein was detected in 
several types of cancer cells and represents a promising target for anti-cancer therapeutics 
(31, 32, 33). We have screened several human glioma cell lines to express GIP. We found 
that GIP expresses in D54 MG (Figure 3.6A) and U87 MG (Figure 3.6B) glioma cells. 
We did not find expression of GIP in GBM8 human cancer stem cell (Figure 3.6C). 
Based on studies by others (personal communication with Dr. Zhaozhong Han, 
Vanderbuilt University), GIP expression level could be increased by irradiation. To 
explore this possibility, cells were irradiated by X-rays at different doses (3 Gy, 4 Gy, 
and 5 Gy), but we did not see substantial increase in GIP expression.  
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Figure 3.6 GIP detection in glioma cells. (A) GIP was detected in cytoplasm of the D54 
MG cells using primary anti-GIP antibody followed by secondary antibody conjugated to 
Alexa 488 (green). (B) GIP was detected in cytoplasm of the U87 MG cells using 
primary anti-GIP antibody followed by secondary antibody conjugated to Alexa 488 
(green). (C) No expression of GIP in GBM8 human glioma stem cells was detected. Cell 
nuclei were stained with DAPI (blue). 
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Our searches of protein databases (UniProt) indicated multiple cancer-related 
proteins containing the internal motif identified in this study through phage library 
selections (Table 3.3). To investigate the potentials of the phage-selected GIP-binding 
peptides for development of anti-cancer therapeutics, we studied intracellular distribution 
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 (GGRRRRRRR) labeled 
with TAMRA. By fluorescence microscopy, the labeled peptide was shown to be 
uniformly distributed in the cytoplasm of the glioma cells (Figure 3.7A). Next, cultures 
of D54 MG cells were treated with the TAMARA-labeled peptide followed by GIP 
staining with an anti-GIP antibody detected with a secondary antibody conjugated to 
Alexa 488 (Figure 3.7). Both, the peptide (red) as well as GIP (green), were detected in 
the cytoplasm of the cells supporting the possibility that an interaction between the two 
may take place. 
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Protein 
(synonyms) 
Uniprot 
accession 
number 
Function (s) Peptide 
motif  
Subcellul
ar 
localizati
on 
Ankyrin-B Q01484 Attaches integral 
membrane proteins to 
cytoskeletal elements 
(34). 
GSSVDS Cytoplas
m, Cell 
membran
e 
mediator 
complex 
subunit 
1(MED1) 
Q15648 Component of the 
mediator complex, a 
coactivator involved in 
the regulated 
transcription of nearly 
all RNA polymerase II-
dependent gene (35). A 
decrease of 
RB18A/MED1 
expression in human 
melanoma cells 
increases their 
tumorigenic phenotype 
(36). 
 
GSSVDS Nucleus 
CYLD 
cylindromat
osis (turban 
tumor 
syndrome)/ 
Probable 
ubiquitin 
carboxyl-
terminal 
hydrolase 
CYLD 
Q9NQC7 Negatively regulates 
activation of the 
transcription factor NF-
kappaB by specific 
tumour-necrosis factor 
receptors (TNFRs). 
Loss of the 
deubiquitinating 
activity of CYLD 
correlates with 
tumorigenesis (37).  
GSSVDS Cytoplas
m, 
perinucle
ar region, 
cell 
membran
e 
MYO18B 
myosin 
XVIIIB 
Q8IUG5 May play an important 
role as a tumor 
suppressor in the 
development of lung 
cancer (38). 
ESSVDD Cytoplas
m, 
nucleus 
autophagy 
related 
protein 7 
(ATG7) 
O95352 ATG7 functions at the 
apex  
of a signalling system 
that is required for 
autophagy, the  
ESSVDL Cytoplas
m 
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process whereby the 
cell directs the 
degradation of 
cytoplasmic 
components in 
response to reduced 
nutrients in the 
environment (39). 
Rho GTPase 
-activating 
protein 9 
(ARHGAP9) 
Q9BRR9 ARHGAP9 is involved 
in regulating adhesion 
of hematopoietic cells 
to the extracellular 
matrix (40).  
ESSVDL Intracellu
lar, 
which 
includes 
the 
nuleus 
and 
cytoplas
m. 
X-ray repair 
complementi
ng defective 
repair in 
CHO 
cells 4/X-ray 
repair cross 
complementi
ng protein 4 
(XRCC4) 
Q13426 Involved in DNA non-
homologous end 
joining (NHEJ) 
required for double-
strand break repair and 
V(D)J recombination 
(41). 
ISSLDV Nucleus 
RSF1 
remodeling 
and spacing 
factor 1 
Q96T23 Required for assembly 
of regular nucleosome 
arrays by the RSF 
chromatin-remodeling 
complex (42). 
ETSLDS Nucleus 
HIV Tat 
specific 
factor 1 
O43719 Functions as a general 
transcription factor 
playing a role in the 
process of 
transcriptional 
elongation (43). 
GTNLD
GN 
Nucleus 
 
Table 3.3 Human proteins that have homologies with GIP-binding peptides identified 
with phage display.  
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Figure 3.7 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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To probe the potential anti-cancer activity of the ESSVDLLDG peptide, the 
glioma cells were treated with the peptide at concentrations ranging from 10 to 200 ?M 
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 (Figure 
3.8). The peptide concentration required to suppress 50% of the cell metabolism (IC50) 
was found to be equal to 69?10 ?M.  
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Figure 3.8 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 ?M. 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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3.4 Discussion 
  In this study, a phage landscape library f8/9 with multivalently displayed foreign 
nonamers was used for identification of 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 (25). PDZ-binding phage clones were 
isolated from the library in three successive rounds of biopanning. In GIP-phage binding 
assay, all of the selected phage clones were confirmed to be specific to GIP. Analysis of 
the peptide sequences led to 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 (1, 44). To our 
knowledge, this is the first report of GIP recognition of internal binding motifs.  In the 
selected sequences, the P-2 position was always occupied by S or T, which were followed 
by variable amino acids in position P-1. 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.  
 The complex model structures of GIP and internal motif peptides (ESSVDLLDG 
and GSGTDLDAS) developed by Dr. David Zoetewey in our lab show that the ligands 
bind in the -strand addition mechanism. It also shows that S or T at P-2 form a hydrogen 
bond with His90, and V or L at P0 binds within the hydrophobic pocket created by Leu29, 
Phe31, Ile33 and Leu97. These mechanisms are similar with C-terminal recognition by 
GIP. Chemical shift perturbation data show that these residues show large chemical shift 
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change. Chemical shift perturbations data of GIP and internal motif peptides show similar 
patterns of binding within GIP. In case of internal motif, P0 is not the C-terminus with a 
free carboxylate group. Both Leu29 and Gly30 amides within the ILGF loop of GIP make 
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. Interaction patterns show that the 
ILGF loop appears to be somewhat flexible. It moves in to bind to a canonical C-terminal 
carboxylate group or moves out to bind to a carboxylate group from D at P+1 of an 
internal motif. In comparison to ESSVDLLDG, GSGTDLDAS forms a slightly more 
extended antiparallel ?-sheet with ?2 of GIP.  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. The His90 at ?2:1 is responsible for the formation of hydrogen bond with 
side chain hydroxyl group of S/T at P-2 of the interacting partner. A hydrophobic residue 
at P0 and D at P+1 is present in the internal motif. Our analysis of the identified phage 
sequences shows that D is absolutely conserved among all the internal binding motifs. 
Each internal binding synthetic peptide did bind to GIP as monitored by NMR titrations.  
Thus, while E is also negatively charged, it appears that its side-chain is too large to 
accommodate the binding pocket in an energetically favorable mode.   
 Interestingly, endonuclein, a cell cycle regulated WD-repeat protein, was recently 
reported to interact with GIP (45).  Endonuclein does not contain a canonical C-terminal 
PDZ binding motif, but contains the sequence EISGLDL (387-393) within its five WD 
repeats. WD repeats are ?-sheet domains that contain multiple ?-hairpin turns.  It is 
possible that endonuclein interacts with GIP through this region that serves as an internal 
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motif.  If confirmed, this would be the first independent example of an interaction of GIP 
with a non-canonical internal motif. 
To test the anti-cancer therapeutic potentials of the identified peptides, several 
biological assays were carried out with cancer cells. GIP was shown to have the same 
subcellular localization (Figure 3.8) as the synthetic peptide, ESSVDLLDG.  Most 
importantly, the peptide was able to inhibit metabolism of the glioma cells. Additional 
experiments will be needed to validate that the negative effect of the peptide on glioma 
cells is the result of the peptide-GIP interaction. If confirmed, the peptides might be used 
in design of novel anti-cancer therapeutics targeting 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 (Table 3.3).  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 (36). 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 and increasing evidence indicates that CYLD deficiency may 
promote the development of various cancers (46). Another S/T-X-V/L-D internal motif-
containing protein, MYO18B, was reported  to act as a tumor suppressor in the 
development of lung cancer (47). The MYO18B protein was also shown to play an 
essential role in ovarian cancer (48).  
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3.5 Conclusions  
In conclusion, we have found that GIP interacts with new internal motifs and the 
potential target proteins that contain these motifs. GIP is most likely involved in many 
important cancer pathways through interactions with some or all of these potential target 
proteins. It is possible that GIP might be involved in such cancer pathways through 
interactions with the proteins containing motifs identified in this study. Our results from 
the binding of the internal motif peptides to GIP and their negative effect on the 
metabolism of human glioma cells demonstrate potentials for the development of anti-
cancer strategies targeting GIP.  
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CHAPTER FOUR 
 
Conclusions and Future Directions 
The studies performed include steps towards understanding the structure, 
function, dynamics, and mode of interactions of a PDZ domain-containing 
multifunctional human protein. GIP PDZ domain interacts with the C-termini of their 
target proteins. GIP interacts with several target proteins, and the target proteins are 
involved in various signaling pathways, mostly various cancerous pathways. GIP 
interacts with them and regulates their pathways. To design a drug, it is necessary to 
characterize all the proteins which are involved in GIP binding to minimize side effects. 
For that purpose, it was necessary to find the complete network of GIP. So far, GIP has 
been found to interact with the C-termini of its target proteins. To advance our 
understanding of GIP-ligand interaction, analysis was extended to identify novel motif 
peptides by selection from a phage display library. Interestingly, all the peptides contain 
internal binding motifs and present in several human proteins which are involved in 
various cancerous pathways. It is possible that GIP might be involved in such cancer 
pathways through interactions with the proteins containing motifs identified in this study. 
We have found that GIP interacts with both C-terminal and internal motif target proteins. 
Our results from the binding of the internal motif peptides to GIP and their negative 
effect on the metabolism of human glioma cells demonstrate potentials for the 
development of anti-cancer strategies targeting GIP.  
This conclusion from my dissertation shows future directions on studies of GIP. 
First of all, we have found internal motifs for GIP and also the potential target proteins 
172 
 
for GIP. We have to confirm the interactions between GIP and the target proteins. We 
also need to check the signaling pathways how GIP regulates this interactions. When 
these pathways are well understood, it will be easier to determine the role of GIP in 
cancer. Secondly, we have found that the internal motifs are capable of reducing the 
metabolism of human glioma cells. Thus, the internal motifs should be tested on cancer 
cells whether these peptides can be used as anti-cancer drugs or not. We have also found 
how GIP interacts with the C-terminal or the internal motif of its target proteins. 
Therefore, it is possible to identify small drug-like molecules for GIP and check their 
roles as anti-cancer therapeutics as a target of GIP.   
 
 

