




 
 

To my family 



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Haq, S.R., Jurgens, M.C., Chi, C.N., Koh, C.S., Elfström, L., 

Selmer, M., Gianni, S., Jemth, P. (2010) The plastic energy 
landscape of protein folding. a triangular folding mechanism 
with an equilibrium intermediate for a small protein domain. 
J.Biol.Chem, 285(23):18051–18059. 

II Gianni, S*., Haq, S.R*., Montemiglio, L.C*., Jürgens, M.C., 
Engström, Å., Chi, C.N., Brunori, M., Jemth, P. (2011) Se-
quence-specific Long Range Networks in PSD-95/Discs 
Large/ZO-1 (PDZ) Domains Tune Their Binding Selectivity. 
J.Biol.Chem, 286(31): 27167-27175. (*: These authors contrib-
uted equally to the work)  

III Haq, S.R., Hultqvist, G., Chi, C.N., Engström, Å., Bach, A., 
Strømgaard, K., Gianni, S., Jemth, P. Distinct network of resi-
dues in SAP97 PDZ2 are responsive to HPV E6 C-terminal de-
rived peptides. (Manuscript) 

IV Haq, S.R., Chi, C.N., Rinaldo, S., Engström, Å., Gianni, S., 
Lundström, P., Jemth, P. The C-terminal helix contributes 
ligand binding via direct interactions in PSD-95 PDZ3. (Manu-
script) 

Reprints were made with permission from the respective publishers. 



 

 



 

Contents 

Introduction................................................................................................... 11	  

PDZ domains ................................................................................................ 13	  
Binding of C-terminal peptide ligand residues with PDZ domains ......... 15	  
Role of terminal extensions in PDZ domains .......................................... 16	  
PDZ tandems and PDZ3-SH3-GK supramodule ..................................... 17	  
Binding mechanism and kinetics of PDZ interaction .............................. 18	  

Allostery and PDZ domains.......................................................................... 21	  

Folding and PDZ domains ............................................................................ 22	  

PDZ domains in diseases .............................................................................. 23	  

Present work ................................................................................................. 24	  

Aims of the study.......................................................................................... 25	  

Results and Discussions................................................................................ 26	  
Paper I ...................................................................................................... 26	  
Paper II ..................................................................................................... 28	  
Paper III.................................................................................................... 29	  
Paper IV ................................................................................................... 31	  

Conclusions................................................................................................... 33	  

Future perspectives ....................................................................................... 34	  

Populärvetenskaplig sammanfattning........................................................... 35	  

Acknowledgements: ..................................................................................... 37	  

Reference ...................................................................................................... 38	  

 



 



 

Abbreviations 

DLG Disc large 
GK Guanylate kinase 
SAP Synapse associated protein 
GRIP Glutamate receptor interacting 

protein 
PDZ Post-synaptic density-95 Disc large 

Zo-1 
HPV Human papilloma virus 
NMDAR N-methyle-D-aspartate receptor 
MAGUK Membrane associated guanylate 

kinase like  
PICK Protein interacting with C-kinase 
PSD Post-synaptic density 
ZO-1 Zonula occludens-1 
SH3 Src homology-3 
PTP-BL Phsophotyrosine phosphatase ba-

sophil like 
CaMK Calcium calmodulin kinase 
AMPA alpha-amino-3-hydroxy-5-

methyleisoxazole-4-propionate                           
 receptor 

WW 2 Conserved tryptophan residues 
domain 

FF 2 Conserved phenyl alanine resi-
dues domain 

LIM Lin11, Isl-1, Mec-3 domain 
CRIPT Cysteine rich PDZ binding protein 
nNOS Neuronal nitricoxide synthase 
MD Molecular dynamics 
NOE Nuclear overhauser effect 
NMR  Nuclear magnetic resonance 
Par-3   Partition defective protein 3 
VE Cadherin  Vascular endothelial cadherin 
APC    Adenomatous polyposis coli  



 

NHERF Na/H Exchanger regulatory factor 
CFTR  Cystic fibrosis transmembrane 

conductance regulator 
CDC-42  Cell division control protein 42 
CRIB  CDC42/Rac interactive binding 
RA-GEF2  Rap guanine nucleotide exchanger 

factor 
NS1  Non structural protein 1 
LPA2  Lysophosphatidic acid receptor 

A2 
MPP1  Palmitoylated membrane protein 1 
MPP5  MAGUK p55 subfamily member 
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Introduction  

Proteins are the versatile molecules that perform several important functions 
within the cell. Not only do they act as structural unit to maintain the shape 
and structure of the cell as cytoskeletal proteins, but also they have catalytic 
(enzymes) and signalling (protein-protein interaction) roles, which are very 
important. Proteins are central to all biological functions of the cells, hence, 
the impaired function of different proteins give rise to different pathological 
conditions. For example, amyloid diseases, cancers, cystic fibrosis etc. re-
sults from the improper functioning of the proteins. Furthermore, the cells in 
multicellular organisms communicate with the extracellular environment and 
other cells by exchanging molecules and nutrients. To achieve this commu-
nication, cells employ several specialized signalling and scaffolding pro-
teins. Important among these signalling and scaffolding proteins are mem-
brane associated guanylate kinase (MAGUK) like proteins. The MAGUK 
proteins are composed of different combination of several small protein-
protein interaction domains such as Src-homolgy-3 (SH3), post-synaptic 
density 95/disc large/zonula occludens-1 (PDZ), guanylate kinase-like (GK), 
calcium-calmodulin kinase (CaMK), two conserved Trp residues (WW) 
domain and L27 domain (Fig 1). PSD95 and SAP97 are two members of the 
MAGUKs, which play important roles in synaptic development and plastic-
ity as well as formation of junctional complexes. The PDZ domains of these 
proteins interact with several different receptors and channels such as the N-
methyl D-aspartate receptor (NMDAR), alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionate (AMPA) receptor, somatostatin receptor sub-
type-1, inward rectifying potassium channel Kir 2.3, Kv 1.4 potassium chan-
nel and sodium channel Nav 1.5. 
 



 12 

 
 
 
Fig 1: Domain organisation in different MAGUK family proteins. MAGUK essen-
tially contain PDZ and GK domain. PDZ; post synaptic density 95/disc large/zonula 
occludens-1. GK; guanylate kinase like domain. CaMK; calcium-calmodulin kinase. 
SH3; Src homology 3. ZU5; domain present in ZO-1 and Unc5-like netrin receptors. 
CARD; caspase activation and recruitment domain. WW; two conserved tryptophan 
residues domain. L27; domain in LIN-2 and LIN-7. 
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PDZ domains 

Communication within cells is mediated by several specialized molecules. Im-
portant among these are proteins, which act through mostly by protein-protein 
interactions. Several protein domains have been evolved to carry out signalling 
and scaffoldig in cells such as SH3, PDZ, GK, WW, FF, LIM etc. (15). The 
PDZ domains, which are small 80-100 amino acids containing protein domains 
are one of the most abundant protein-protein interaction modules (9). A typical 
PDZ fold is characterized by six β-strands and two α-helices (12). PDZ domains 
bind C-terminal ligands in the groove between α-2 and β-2. Until recently these 
domains have been classified based on ligand specificity (41 and references 
there in). According to this classification scheme, type I PDZ domains prefer 
threonine/serine at P-2 (according to the convention in the field, the peptide resi-
dues are numbered backward from the C-terminal, thus, the first residue from C-
terminal is termed as P0, the second residue is termed P-1, the third residue is P-2 
and so on), which makes a hydrogen bond with a histidine residue in α-2. Type 
II PDZ domains favor peptide ligands with a hydrophobic residue at P-2, which 
makes interaction with a hydrophobic residue in α-2. Type III PDZ domains 
bind to the peptide ligand with hydrogen bonding between the aspartic/glutamic 
acid residue at P-2 and a tyrosine residue in α-2 (Fig 2). Some PDZ domains also 
bind internal sequences in non-canonical manner. For example nNOS PDZ 
binds through a beta finger i.e., an internal sequence, with PSD95 PDZ2. Simi-
larly, the cytoplasmic protein Disheveled (Dvl) PDZ binds to the internal se-
quence of Frizzled (Fz) to the same site where the c-terminal ligands such as 
Dpr and Frodo binds (19). The Par-6 PDZ domain binds Pals-1 in a non-
canonical manner. Par-6 also binds the C-terminal peptide VKESLV in non-
canonical fashion with only P-1 and P0 required for binding. Syntrophin PDZ1 
and the peptide TNEFYF also exemplify such a non-canonical binding mode 
(14). 

Later Tonikian et al (22) classified PDZ domains in 16 classes based on C-
terminal ligand specificity. These classes are 

1a: (ϕ-K/R-X-S-D-V), 1b: (Ω-R/K-E-T-S/T/R/K-ϕ), 1c: (ϕ-ϕ-ET-X-L), 1d: 
(E-T-X-V), 1e:  (T-W-ψ), 1f: (Ω-Ω-T-W-ψ), 1g: (ϕ-ϕ-ϕ-T/S-T/S-Ω-ψ], 2a: (F-
D-Ω-Ω-C), 2b: (W-X-Ω-D-ψ), 2c: (W-Ω-ϕ-D-ψ), 2d: (ϕ-ϕ-X-E/D-ϕ-ϕ-ϕ), 2e: 
(ϕ-ϕ-ϕ-ϕ), 2f: (D/E-ϕ-Ω-ϕ), 3a: (WxS/T-D-W-ψ), 4a: (Ω-ϕ-G-W-F). 

where ψ = aliphatic (V, I, L, and M), ϕ = hydrophobic (V, I, L, F, W, Y, M),  
Ω = aromatic (F, W, Y) and X= nonspecific. (22) 
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However, a recent study on mouse proteome demonstrated that PDZ domains 
do not fall into discrete class and are distributed evenly throughout the selectiv-
ity space (10).  

Thus it is apparent that PDZ domains are difficult to classify on the basis of 
C-terminal ligand specificity alone. Perhaps the whole PDZ domain not only the 
peptide binding pocket responds to the binding of ligand peptide. Therefore, 
these domains do not fall into discrete classes. 

 
Fig2 Different interaction mode of PDZ domain. (A ) Classs I interaction, PSD95 
PDZ3 (white ribbon) in complex with C-terminal peptide of CRIPT (blue). T-2 (P-2) 
of CRIPT peptide makes hydrophobic interaction with His384 in α-2 of PDZ3. 
(PDB code 1BE9) (B) Class ΙΙ interaction, Erbin PDZ (white ribbon) in complex 
with C-terminal peptide of ErbB2 receptor (blue). V-2 (P-2) of ErbB2 peptide makes 
hydrophobic interaction with Val1351 in α-2 of Erbin PDZ. (PDB code 1MFG) (C) 
Class ΙΙΙ interaction. Structure of nNOS PDZ (white ribbon) in complex with C-
terminal VVKVDSV peptide (blue line). D-2 (P-2) of peptide makes hydrogen bond 
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with Tyr71 in α-2 of nNOS PDZ. (PDB code 1B8Q) (D) Binding of internal ligand 
to PDZ domain. Syntrophin PDZ (Blue surface) in complex with nNOS PDZ (White 
ribbon). (PDB code 1QAV) figures were drawn in Pymol (36) 

Binding of C-terminal peptide ligand residues with PDZ 
domains 
The PDZ domains bind the target ligands in a relatively conserved binding 
pocket between α-2 and β-2. The C-terminal ligands of PDZ domains are 
relatively unstructured but become ordered and form an anti-parallel β-strand 
with β-2 when they form the complex with the PDZ domains (12). In this 
thesis, I have characterized the folding and binding mechanism of class I 
PDZ domains, PSD95 PDZ3, PTP-BL PDZ2 and SAP97 PDZ2 (Fig 3), 
therefore, I will use the example of SAP97 PDZ2 and its interaction with an 
HPV E6 C-terminal peptide to elaborate on the specific interactions made by 
the individual peptide residues with the PDZ domain (3). The carboxylate of 
the extreme C-terminal residue V0 (P0) of the E6 peptide makes interaction 
with the GLGF motif of SAP97 PDZ2 domain by making hydrogen bonds 
with the backbone of L329, G330 and F331. The methyl side chains of V0 
are present in the hydrophobic pocket formed by β-2 residues (L329, F331, 
I333) and α-2 residues (A387, V388, A390, L391). The backbone of Q-1 (P-1) 
of the E6 peptide is exposed to the solvent and does not form interaction 
with the PDZ domain, but its side chain makes hydrogen bond with the 
G330. The backbone of T-2 (P-2) of the E6 peptide makes two hydrogen 
bonds with I333 in β-2 and the side chain OH group of T-2 also make hydro-
gen bond with H384 in α-2. The side chain of E-3 (P-3) of the E6 peptide is 
close to the positive patch on β-2 and thus likely contributes towards the 
binding by making electrostatic interaction with the PDZ domain. Previ-
ously, it was thought that only four C-terminal residues of the target peptide 
interact with the PDZ domains (canonical interaction). But, recent studies 
have suggested that several upstream residues in the peptide away from the 
extreme C-terminal are capable of binding the PDZ domains (20, 23, 3). For 
example, the R-4 (P-4) residue in the E6 peptide makes hydrogen bonds with 
the N339 and G335 in loop 2 of the SAP97 PDZ2 domain (3). Moreover, it 
also makes a salt bridge with E385 in α-2. MD simulations as well as NOEs 
from NMR experiments suggest that R-5 (P-5) makes a hydrogen bond with 
H341 present in loop 2 of the PDZ domain.  

Similarly, such distal interactions are observed in par-3 PDZ3 domain and 
its ligand (VE Cadherin) which proved that upstream ligand residues, i.e., P-

10 and P-7 are directly involved in the par3 PDZ3 binding (20). Moreover, the 
binding of MAGI-1 PDZ1 with human papilloma virus E6 C-terminal pep-
tide has demonstrated that R-5 (P-5) and T-6 (P-6) of the bound E6 peptide 
makes direct interaction with the MAGI-1 PDZ1 (21).  
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Fig 3: Structure of PDZ domains. (A) PSD95 PDZ3 in complex with C-terminal 
peptide of CRIPT (Blue sticks) PDB; 1BE9 (B) PTP-BL PDZ2 in complex with C-
terminal peptide of APC protein (Blue sticks) PDB; 1VJ6 (C) SAP97 PDZ2 in 
complex with C-terminal peptide of HPV18 E6 protein (Blue sticks) PDB; 2OQS. 
Figures were drawn in Pymol (36). 

Role of terminal extensions in PDZ domains 
The canonical PDZ fold is characterized by 5 or 6 β-strands and 2 α-helices. 
However, there are large number of PDZ domains, which contain potential 
extensions outside of their canonical boundary. These non-canonical exten-
sions have been demonstrated in some studies to contribute towards the 
function of PDZ domains. For example Petit et al (11) have demonstrated 
that a non-canonical helix (α-3), which is packed against the β-2 and α-2 
core in PSD95 PDZ3, regulates the ligand binding in PDZ3. According to 
the authors of the study, the α-3 does not make direct interactions with the 
peptide ligand. Therefore, they have termed the regulation of ligand binding 
by α-3 as allosteric in nature. Later, Zhang et al (25) have demonstrated that 
phosphorylation of Y397 in α-3 regulates the binding of ligand in a similar 
fashion as seen upon removal of α-3. Similarly, a C-terminal extension in 
PDZ2 of NHERF1 increase the stability of NHERF1 in denaturing condition 
as well as increasing its affinity towards CFTR peptide by 10 fold (27). 
Thus, these studies suggested that PDZ extensions might have role in regula-
tion of ligand binding. A bioinformatic survey by Wang et al (26) suggested 
that PDZ extensions are prevalent and play a significant role. Some of the 
notable PDZ domains in which these extensions were identified by Wang et 
al included PSD95 PDZ3, PDZ2 of NHERF1, nNOS PDZ, Dlg-1 PDZ3, 
ZO-1 PDZ3 and PDZ1 of Harmonin protein (Fig 3).  
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Fig 4: Non-canonical C-terminal helix (α-3) (A) PSD95 PDZ3 in complex with 
CRIPT derived peptide (Blue) PDB code; 1BE9 (B) NHERF-1 PDZ2. PDB code; 
2JXO.  

PDZ tandems and PDZ3-SH3-GK supramodule 
Interestingly, PDZ domains are often found in tandem with other protein 
interaction domains, for example, in LIN7, Shank1, SPAR, Erbin and 
Densin-180 etc (15). In case of Par-6, binding of CDC-42 with the CRIB 
domain regulates the affinity of an adjacent PDZ domain (13), which sug-
gests that the arrangement of the interaction domains in signaling proteins 
have a functional role. Moreover, PDZ domains are also found in tandem 
with other PDZ domains like in PSD95, PSD93, SAP97, SAP102, GRIP1 
and Syntenin1 etc (15). Such an arrangement of PDZ domain is proposed to 
have a significant functional role. For example in GRIP1 only PDZ1 binds to 
Fras1 but PDZ2 is required for the stability of PDZ1 (17). In some cases all 
PDZ domains within a protein take part in binding the ligand. Additionally, 
PDZ domains can form oligomers, which might increase the ligand-binding 
surface and result in improved affinity towards the ligand (16). Almost all of 
the MAGUK family members are characterized by a tandem of PDZ3-SH3-
GK domains. A recent study suggested that this arrangement of protein in-
teractions domains might act as supramodule in which the activity of adja-
cent domains can be regulated allosterically by the individual domains in the 
supramodule. Indeed, SH3 residues in PDZ3-SH3-GK supramodules are 
found to interact with T-2 (P-2) of the connexin peptide that binds to the ZO-1 
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PDZ3 domain. Isolated PDZ3 binds the connexin peptide with ten times 
lower affinity compared to the tandem PDZ3-SH3-GK domain. Mutation of 
L549 to arginine in the SH3 domain that mediates the interaction with PDZ3 
of the tandem resulted in much lower affinity, similarly to that of the isolated 
PDZ domain, suggesting that interaction of PDZ3 with the SH3-GK domains 
plays a role in ligand binding. Similarly, Jam-1 peptide, which is another 
target peptide ligand of the ZO-1 protein, binds the PDZ3 with more affinity 
in tandem PDZ3-SH3-GK compared to isolated PDZ3. These results and the 
structure-based-sequence-analysis of the MAGUK family led authors to 
propose that these domains act as a supramodule (24).   

Binding mechanism and kinetics of PDZ interaction  
Fluorimetric and micro-calorimetric in solution experiments have demon-
strated that PDZ domains bind partner ligands with micromolar affinity (9 
and references therein). Considering their multiple binding partners and im-
portance in signalling pathways it is reasonable to expect such moderate 
affinity towards their ligand. Several studies have also carried out double 
mutant cycle analysis on PDZ domains to determine the energetic coupling 
between the residues in PDZ domains (6, 42, 35). The double mutant cycle 
analysis is a powerful tool to determine the direct or indirect interaction be-
tween the residues in a protein or a protein-peptide complex (39). Briefly, 
the residue is mutated and its ligand binding properties are studied first 
against the wildtype background and also against the second mutation. The 
double mutant cycle analysis of Tiam-1 PDZ domain and the peptides deri-
ved from C-terminal of Syndecan1 and Caspr4 proteins have demonstrated 
that the residues in the PDZ domain that interact with S0 (P0) were important 
for the both Syndecan1 and Caspr4 protein. While, the PDZ residues that 
interact with S-2 (P-2) provided selectivity to the Syndecan1 (37). Previously, 
we have also performed double mutant cycle analysis to determine the ener-
getic coupling between H372 (38) and other residues in PSD95 PDZ3. The 
analysis suggest that coupling free energies between the H372 and other 
residues were distance dependent.  

Moreover, we have characterized the binding mechanisms of several PDZ 
domains in our lab previously. As far as we can judge from our experiments, 
we found out that different PDZ have unique binding mechanisms. For ex-
ample, PSD95 PDZ3 binds peptide ligand with the following scheme: 
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A + B  ⇔ AB (scheme 1)  
 

However, binding of SAP97 PDZ2 proceeds through a different minimal 
mechanism, 

 
A + B ⇔ AB ⇔ AB∗ (scheme 2)  (Fig 5A and B) 

 

A mathematical solution for scheme 1 has been determined before as (18): 
 

AB = ΔABEQ (1 – e-kobs t)/(1 – ωe-kobs t) (Eq1)   

 

Where AB represents formation of product at time t, and ABEQ represents 
formation of product at equilibrium. kobs is the observed rate constant and ω 
describes the deviation of experimental setup from pseduo first order condi-
tion and varies between -1 and 1. In case of a reversible association of two 
molecules as in scheme 1 (second order condition) kobs would be determined 
by the following equation: 
 

kobs = ( k1
2 ([A]0 - [B]0) + k-1

2 + 2 k1k-1 ([A]0 - [B]0)) ½ (Eq 2)  

 

under pseudo first order conditions, i.e. when [A]0>>[B]0 , the equation 
breaks down to the more commonly used form  
 

kobs = k1[A] + k-1  

 

k1 is the on-rate constant and k-1 is the off-rate constant. [A]0 and [B]0 are the 
initial concentration of A and B respectively.  

However, if the binding of molecule A and B proceeds via scheme 2 and 
the initial binding is much faster than the second step, k-1>> k2 than we ex-
pect two observed rate constants 
 

kobs1 = k1[A] + k-1 (Eq 3) 

 

kobs2 = k-2 + k2[A]/(K +[A]) (Eq 4) 

K is the equilibrium constant for the fast phase.  
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Fig 5: Dependence of rate constants on PDZ concentrations. (A) PDZ/Peptide inter-
action according to scheme 1 (B) PDZ/Peptide interaction according to scheme 2.  
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Allostery and PDZ domains  

Allostery has been considered as an important property of multi-domain 
proteins but its presence in single domain proteins is often debated. It has 
been proposed that a set of residues termed an allosteric network is responsi-
ble for the transfer of a signal from one part of the protein to the another. 
Several studies have tried to identify the presence of such a network in small 
single domain proteins using PDZ domains as a model system. In one of the 
studies, Lockless and Ranganathan proposed an evolutionary conserved 
pathway of energetic connectivity in PDZ domains (6). Their method was 
based on the multiple sequence alignment of a large number of sequences to 
determine residue pairs that have co-evolved and the calculation of statistical 
coupling energy for that residue pair. The statistically coupled residues were 
also found to be coupled experimentally as proved by double mutant cycle 
analysis. However, it was shown later that the coupling energies determined 
for the proposed coupled positions were dependent on the distance between 
the two residues and hence cannot be considered as an allosteric network 
(38). Other studies have relied on NMR and computations to predict the 
allosteric network(s) in PDZ domains. Interestingly, all these studies have 
identified different sets of residues as a proposed allosteric network, which 
suggest that the allostery is difficult to predict from such methods. For ex-
ample, human homologue of PTP-BL PDZ2 has been shown to possess two 
allosteric networks, i.e., a structural network and a dynamic network that 
responds to the RA-GEF2 binding with PDZ2 (7). The dynamic network 
predicted for this domain shares some of the residues with the evolutionarily 
conserved network predicted by Lockless et al, but overall the two networks 
were different from each other. A more direct way of determining the cou-
pling energy between the two residues and thus the allosteric network is to 
perform the double mutant cycle in conjunction with ligand binding experi-
ment. We have performed such double mutant cycle experiment to identify 
the allosteric networks in homologous PDZ domains, i.e., PSD95 PDZ3, 
PTP-BL PDZ2 and SAP97 PDZ2. The results suggest that the allosteric 
pathway identified for one PDZ domain is independent of the other domain, 
i.e., the allosteric pathway is sequence dependent. The results thus provide 
insight about how the PDZ domain with simple topology and conserved 
binding pockets binds multiple ligands and still maintain selectivity.  
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Folding and PDZ domains 

PDZ domains are quite stable with a well folded structure. Folding studies of 
several PDZ domains have been conducted in our lab. The results suggest 
that canonical PDZ domains folds via an on-pathway high energy intermedi-
ate. Moreover, the positions of the transition states were found to be con-
served among the PDZ domains. Additionally, the structure of transition 
states drawn from  Φ value analyses for PSD95 PDZ3 and PTP-BL PDZ2 
also suggest that transition state 2 is highly similar for these domains (5). 
However, a circularly permutated bacterial PDZ domain folds via an off-
pathway low energy intermediate (1). The two contrasting folding mecha-
nisms exhibited by PDZ domains as described above were reconciled in our 
present study on SAP97 PDZ2. The folding pathway of SAP97 PDZ2 is an 
example of the plasticity of the folding landscape with an intermediate that 
follow either an off-pathway or on-pathway route depending upon the ex-
perimental temperature.  
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PDZ domains in diseases  

PDZ containing proteins are mainly involved in the formation of junctional 
complexes, such as tight junctions, adherens junctions, neuronal jucntions in 
post synaptic density as well they are involved in scaffolding of membrane 
proteins, channels and receptors. Moreover, these domains contribute to-
wards the transport of molecules by binding to the microtubule network. 
Thus, the disruption of these functions potentially results in several diseases. 
Indeed, human papilloma virus E6 protein binds and degrades PDZ contain-
ing proteins such as Dlg-1, Scribble and MAGI-1. The degradation of these 
PDZ domain proteins has been shown as a hallmark of HPV induced cancers 
(28 and references there in). Besides that, other transforming viruses such as 
adenovirus E4-ORF1 (28) and human T-lymphotrophic virus1 Tax (30, 31) 
have been shown to interact with PDZ proteins. Recent studies have demon-
strated that some PDZ domains containing proteins are the target of non 
transforming viruses as well, which encodes proteins having PDZ binding 
motif such as avian influenza virus NS1 protein (29) and tick borne encepha-
litis virus proteins (33). Moreover, Hepatitis B virus (HBV) proteins have 
been demonstrated to interact with the PDZ containing protein GIPC1 (32). 
Cystic fibrosis is caused by inhibition of cystic fibrosis transmembrane con-
ductance regulator (CFTR). Binding of NHERF-1, a PDZ protein, with the 
LPA2 receptor on the apical surface of epithelial cells results in the inhibi-
tion of CFTR channel activity. Targeting this NHERF-1 – LPA2 interaction 
by small molecule inhibitor increased the activity of CFTR and thus can be 
employed in future drug strategy targeting cystic fibrosis (34). Similarly, 
PDZ domain mediated interactions have been implicated in several diseases, 
these interactions therefore represent a target for future drug discovery. 
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Present work 

It is apparent from the introduction that PDZ domains are widely present 
domains. Moreover they have been implicated in various diseases either 
directly or indirectly. Therefore, characterization of folding and binding 
mechanisms of PDZ domains would further enhance the current knowledge 
and may be of aid in future therapeutic strategy aimed at disrupting PDZ 
interactions. 
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Aims of the study 

1. To investigate the folding mechanism of SAP97 PDZ2 (paper I). 
2. To identify the allosteric networks in two homologous PDZ domains: 

PSD95 PDZ3 and PTP-BL PDZ2 (paper II). 
3. Determination of allosteric networks in SAP97 PDZ2 and comparison 

with the allosteric networks of PSD95 PDZ3 and PTP-BL PDZ2 (paper 
III). 

4. To investigate the role of the α-3 helix in allosteric regulation of ligand 
binding in PSD95 PDZ3 (paper IV). 



 26 

Results and Discussions 

Paper I 
In this paper, we have solved the crystal structure of SAP97 PDZ2 I342W 
C378A (hereon referred to as pwPDZ2) at 2.0 Å resolution using molecular 
replacement. The I342W mutation was designed to serve as a fluorescence 
probe to monitor the (un) folding reaction, while the C378A mutation was 
created to avoid inter-chain disulfide bond formation. We compared the 
structure of pwPDZ2 with previous structures of SAP97 PDZ2 to probe the 
effect of the I342W mutation. Apart from some minor conformational 
changes, the structure of pwPDZ2 was highly similar to the previous ones (2, 
3). The stability of the pwPDZ2 was also found to be similar to that of the 
wild type SAP97 PDZ2 (4). Therefore, it can be used as pseudo wild type to 
study the folding mechanism of SAP97 PDZ2. Equilibrium urea denatura-
tion experiments conducted at 25 °C and 37 °C showed that the pwPDZ2 
was fully folded and stable at these temperatures. Unfolding and refolding 
kinetics were also studied using single jump stopped-flow measurements at 
25 °C and 37 °C. The time course of both unfolding and refolding traces 
followed double exponential kinetics at all urea concentrations, suggesting 
the presence of an intermediate. The chevron plot, i.e., a semi-logarithmic 
plot of kobs versus urea concentration was fitted with equations to determine 
the nature of the intermediate, that whether it is off/on pathway or if it fol-
lows a triangular scheme. The observed kinetics follow the equation with an 
off-pathway intermediate at 25 °C, while the triangular scheme and an on-
pathway intermediate better describe the kinetics at 37 °C. We also carried 
out interrupted refolding to further corroborate (reference) the folding 
mechanism of pwPDZ2. The interrupted refolding experiment predicts that if 
an on-pathway intermediate is present then the traces would follow single 
exponential kinetics. However, we monitored double exponential kinetics at 
25 °C and 37 °C, thus confirming that an off-pathway or the triangular 
scheme is at play. Moreover, the rate constants obtained from interrupted 
refolding experiment agree well with those of single jump kinetics. Addi-
tionally, the persistence of slow phase at longer delay time indicated the 
presence of an intermediate at equilibrium. We therefore performed ligand-
induced refolding experiments to further support the existence of the inter-
mediate at equilibrium. We were able to identify a slow phase along with 
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previously characterized binding fast phase using ligand induced refolding. 
The kobs values from this experiment were fitted with the equation  

 
kobs = kIN+ kNIKD/(KD + [Peptide]) 

 

to determine the microscopic rate constants kIN (for I ⇒N transition), and 
this constant matched well with that from the triangular scheme, thus con-
firming the presence of an intermediate at equilibrium.  

We have identified an intermediate in the folding pathway of pwPDZ2 in 
this study. The intermediate was found to be off-pathway or follow a trian-
gular scheme depending upon the experimental temperature, which is sug-
gestive of the plasticity of the folding landscape.  
 

 
 
Fig 6: Triangular scheme describing the folding reaction of SAP97 PDZ2. 
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Paper II 
We have determined the allosteric network in PSD95 PDZ3 and PTP-BL 
PDZ2 using the double mutant cycle analysis. The allosteric network was 
unique for the two PDZ domains studied (Fig 6) and different than the net-
work predicted before for the PDZ domains in previous studies (6-8). How-
ever, it does incorporate some of the residues predicted earlier. PDZ domains 
are one of the most important interaction modules in cells with multiple 
binding partners. How do these domains maintain selectivity in the crowded 
cellular environment? is therefore an important question. In this context, the 
unique allosteric networks mapped within a PDZ domain for different 
ligands provide an answer. 

Contrary to the previous studies that found an evolutionary conserved 
network, the allosteric networks we identified are sequence dependent. It is 
also interesting that most of the coupling energies calculated for PSD95 
PDZ3 and peptide V0 or T-2 were positive. This means that V0 and T-2 are 
optimized for binding with this PDZ domain. Similarly, the coupling ener-
gies for PTP-BL PDZ2 domain with peptide V0 were also positive. However, 
a large number of negative coupling energies for S-2 was observed suggesting 
that S-2 at this position is not optimized for binding with PDZ2. In addition, 
the coupling energies were found to be independent of the distance between 
the mutated positions in the PDZ domains and the peptide V0 and T-2/S-2. In 
conclusion, this study suggests that allosteric networks are indeed present 
within the PDZ domains and possibly contribute towards the selectivity of 
PDZ domains towards their ligands.  
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Paper III 
SAP97 PDZ2 is one of the PDZ domains, which have been demonstrated to 
interact with several ligands. Previous NMR study of SAP97 PDZ2 in our lab 
suggested that the ligand peptide makes long-range interaction with the PDZ 
(35). We have also demonstrated in a previous study (paper II) that different 
allosteric networks in PDZ domains respond to the binding of peptide ligands. 
We therefore decided to look for the allosteric network in SAP97 PDZ2 that 
responds to the binding of different C-terminal peptides of the HPV E6 pro-
tein. The networks we identified in this study corroborate the previous finding 
that residues in PDZ domains respond to the binding of different peptides dif-
ferentially. The coupling free energy calculated between PDZ and peptide 
residues were independent of the distance between them. The pattern of cou-
pling free energy was found to be very unique for the three peptide positions 
that we studied (V0, T-2 and R-4). The residues that coupled to V0 were scat-
tered all over the PDZ domain. Likewise, the SAP97 PDZ2 residues that cou-
pled to T-2 were also distributed all over the PDZ domain, but the magnitude 
of the coupling energy for the coupled positions was found to be lower in 
comparison to the V0 position. In contrast to the V0 and R-4 positions that 
showed mainly positive coupling energies, there was equal distribution of the 
residues that coupled negatively or positively to the T-2 position. For the R-4 
position only a few residues coupled to the PDZ domain but the magnitude of 
these coupling energies were comparatively higher than for the T-2 position. 
Interestingly, the residues that coupled to the R-4 position were distributed 
mainly on one side of the ligand binding pocket.  

We also calculated the binding Φ value for three PDZ domains to deter-
mine the contribution of side chain of individual residues in the transition state 
structure of the binding reaction between the PDZ domains and the respective 
ligand peptide. Three residues in SAP97 PDZ2 and two residues in PTP-BL 
PDZ2 exhibited intermediate Φ values (0.33-0.59). In comparison, the resi-
dues in PSD95 PDZ3 displayed only low Φ value (0.00-0.28). This led us to 
propose that perhaps SAP97 PDZ2 and PTP-BL PDZ2 binds the ligand in a 
two-step reaction, i.e. they first form an encounter complex with the peptide 
which undergo rearrangement to form the final complex. We did not identify 
any residue that form the encounter complex in PSD95 PDZ3. It is possible 
that PSD95 PDZ3 also forms the encounter complex through hydrogen bond-
ing. 

We plotted the coupling energy of topologically equivalent position of 
PSD95 PDZ3, PTPBL PDZ2 and SAP97 PDZ2 against each other to see if 
there is any correlation between the allosteric networks of these domains or 
not. Similar to the previous study (paper 2) we found no correlation between 
the allosteric networks of different PDZ domains.  



 

 
Fig 7: Coupling free energies for the interaction between PDZ domains and respec-
tive C-terminal peptides. All of the mutated residues in PDZ are represented as 
spheres on the structures of the PDZ domain-ligand complex (white ribbon represen-
tation). For PSD95 PDZ3 and PTP-BL PDZ2, The coupling free energies (absolute 
values) are divided into following four groups: ΔΔΔGC < 0.2kcalmol-1 (white), 0.2 < 
ΔΔΔGC < 0.4kcalmol-1 (yellow), 0.4 < ΔΔΔGC < 0.7kcalmol-1 (orange), and ΔΔΔGC > 
0.7kcal.mol-1(red). For SAP97 PDZ2 The coupling free energies (absolute values) 
are divided into following four groups: ΔΔΔGC > 0.1kcalmol-1 (white), 0.1 < ΔΔΔGC 
< 0.2kcalmol-1 (yellow), 0.2 < ΔΔΔGC < 0.4kcalmol-1 (orange), and ΔΔΔGC > 
0.4kcal.mol-1(red). 
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Paper IV 
The canonical PDZ fold comprises 5 or 6 β-strands and two α-helices. Yet 
several PDZ domains exist in nature which posses terminal extensions, for 
example PSD95 PDZ3 contains an additional helix at its C-terminal. A re-
cent study has suggested that this C-terminal helix (α-3) regulates the bind-
ing affinity of a C-terminal peptide derived from the CRIPT protein (11). 
The deletion of the α-3 resulted in 21-fold decrease in affinity of PSD95 
PDZ3 towards the peptide ligand. The authors of the study suggested that 
this helix is regulating the affinity in an allosteric manner because it does not 
make direct interaction with the peptide.  

However, a previous study demonstrated that deleting Y-5 of the peptide 
also results in loss of affinity as exemplified by deletion of α-3 (40). This 
suggests that Y-5 of the peptide makes interaction with the PDZ domain. 
Moreover, the crystal structure of PDZ3 in complex with the CRIPT peptide 
is inconclusive regarding the position of upstream peptide residues such as 
Y-5 and K-4, thus, it is possible that these residues are close in space and 
makes interaction with the α-3. We therefore decided to investigate the in-
teraction of Y-5 of the peptide with the α-3. For this purpose, we constructed 
a double mutant cycle in conjunction with competition ligand binding ex-
periments using the following mutant proteins and peptides.  

PSD95 PDZ3 F337W was used as a wild type protein. The α-3 helix 
(residues 396-401) was deleted from PSD95 PDZ3 to generate the helix 
deleted mutant.  We also made the point mutants Y397E, R399A and F400A 
in the α-3 helix. The mutation Y397E was chosen to mimic the phosphory-
lated Y397 (25). Dansylated YKQTSV peptide was used in this study along 
side non-dansylated YKQTSV and KQTSV peptides. The dansylated 
YKQTSV peptide served as a fluorescence probe in the competition ligand 
binding experiments. The KD of dansylated YKQTSV towards the wild type 
and mutant protein was determined in the separate pre-equilibrium ligand 
binding experiments.  

We observed the similar decrease in affinity upon deletion of α-3 as noted 
by Petit et al (28). But the coupling free energy obtained from double mutant 
cycle analysis suggested that the α-3 makes interaction with the Y-5. 

We also performed 1H 15N/ 1H 13C HSQC along with 2D and 3D NOESY-
TOCSY NMR experiments with fully labeled peptide in complex with 
PSD95 PDZ3.  

We observed changes in NMR chemical shifts for several residues in the 
peptide, which suggest that these residues experience a change in environ-
ment upon binding to the PDZ. Moreover, we observed several NOEs be-
tween peptide residues 0 to -6 and the PDZ domain suggesting that peptide 
residues beyond the -4 positions adopt conformations that take them near to 
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the PDZ3. Thus, the above mentioned results suggested that Y-5 makes direct 
interaction with α-3. The coupling free energy calculated for point mutants 
Y397E and R399A also suggested that these residues make interactions with 
Y-5 as well. We also observed a decrease in affinity of Y397E (phos-
phomimic of Y397) towards the CRIPT peptide similarly to the deletion of 
α-3. Since we have demonstrated that Y-5 makes direct interactions possibly 
with residues in the α-3, the reduced affinity of the phosphomimic (Y397E) 
could be due to the loss of direct interactions of peptide with the α-3 helix 
upon phosphorylation.  

 

 
Fig 8: Structure of PSD95 PDZ3 in complex with CRIPT peptide. Y397 of PDZ is 
close in space to peptide. The closest distance between Y397 and peptide Q-3 is 
5.79Å. 
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Conclusions 

I have characterized the folding and binding mechanism of PDZ domains 
using biophysical methods. I have chosen to work with the PDZ domains as 
they have several important functions in signaling and scaffolding. Also, the 
interactions made by PDZ domains have been proposed as potential thera-
peutic targets. I found out the folding mechanism of SAP97 PDZ2, which 
follows a triangular scheme. The result reconciles the previous folding stud-
ies on PDZ domains and points towards the plasticity of the folding land-
scape for PDZ domains. I have also determined the allosteric networks in 
three PDZ domains, PSD95 PDZ3, PTP-BL PDZ2, SAP97 PDZ2. The re-
sults suggest that the whole PDZ domain responds to the binding of target 
ligands rather than the peptide binding pocket residues. Furthermore, differ-
ent allosteric networks have been delineated for different ligands thus, pro-
viding an insight about how these domains retain selectivity in the crowded 
cellular environment. Moreover, I found out that the C-terminal helix regu-
lates the ligand binding in PSD95 PDZ3 by direct interaction with the pep-
tide residues.  
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Future perspectives 

The folding studies of homologous proteins may answer the question 
whether proteins having the same structure, fold via the same pathway or 
not? The folding studies of several members of the PDZ family have been 
done in our lab and the structures of transition states have been determined. 
The structure of folding transition states have been compared also, which 
suggests that PTP-BL PDZ2 and PSD95 PDZ3 have two transition states, 
where folding transition state 1 is very heterogeneous for the two proteins, 
while the folding transition state 2 is conserved for both proteins.  Compari-
son of binding φ values in this work revealed that the transition state of bind-
ing is very heterogeneous for the three PDZ domains and provided an insight 
about the origin of different binding modes of PDZ domains. Therefore, it 
will be interesting to determine the folding transition state structure of 
SAP97 PDZ2 and compare with the two PDZ domains mentioned above. 
Moreover, comparison of binding φ values with folding φ values may answer 
the question regarding the presence of common pathway regulating the fold-
ing and binding mechanisms of PDZ domains.  

PDZ domains are found in tandem with other interaction domains and 
may act as supramodules. Recent studies have suggested that dynamic based 
inter-domain allostery may regulate the function of these supramodules. 
Therefore, the role of allostery in PDZ domains needs to be assessed in the 
context of supramodules as well.  

We have determined the allosteric networks in three PDZ domains. Com-
parison of these networks has revealed how the wiring of allosteric networks 
is unique among the PDZ domains. Similar studies can be performed on a 
number of PDZ domains, for example the PDZ domains targeted by HPV E6 
protein for degradation. These studies might result in identification of hot-
spot residues that might be targeted in future drug design aimed at disrupting 
the PDZ-E6 interaction. 
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Populärvetenskaplig sammanfattning 

Målet med nästan all forskning är att bidra med kunskap som i slutänden ska 
hjälpa till att lösa de problem som hemsöker världen. Den här avhandlingen 
är också en ansträngning i den riktningen. Jag har valt att jobba med pro-
teiner som spelar viktiga roller i varje organisms livscykel; från att fungera 
som enkla strukturella enheter till komplexa funktioner såsom reglering av 
syntes, nedbrytning, transport och underhåll av cellens maskineri. Proteiner 
överför också information från en del av cellen till den andra, eller till andra 
celler. Denna överföring av information kallas signallering. Betydelsen av 
signallering kan förstås om man betänker att de flesta cancerformer som 
drabbar oss orsakas av försämrad proteinsignallering. Så, då uppstår frågan, 
hur fungerar denna cellulära signallering? Jo, för att information ska kunna 
överföras från ena sidan av en cell till den andra så behövs flera proteiner 
som tillsammans bildar en signalleringskaskad. I en sådan signalkaskad väx-
elverkar, interagerar, det informationsbärande proteinet med ett annat protein 
i kaskaden och överför informationen. I den här avhandlingen har jag arbetat 
med en liten modul som finns i signalleringsproteiner och som kallas PDZ-
domän. De är inte bara inblandade i signallering utan de formar också knut-
punkter mellan celler, till exempel täta knutpunkter (tight junctions) fastsät-
tande knutpunkter (adherence junctions). Täta knutpunkter är de kopplingar 
mellan två grannceller som de kan kommunicera överföra näringsämnen 
genom. Fastsättande knutpunkter utgör kopplingen mellan cellen och de 
molekyler som finns runt cellen. PDZ-domäner är mycket välstuderade på 
grund av deras roll i signallering men också eftersom de är direkt eller in-
direkt kopplade till flera sjukdomar, till exempel livmoderhalscancer, bröst-
cancer, Parkinson's sjukdom, schizofreni, cystisk fibros, infuensa, rabies, 
denguefeber och andra. Man måste komma ihåga att cellsignallering kräver 
att proteinerna i sigalleringskaskaden interagerar exakt och specifikt med 
deandra proteinerna. På grund av detta har forskare funderat mycket på var-
för PDZ-proteiner kan fysiskt växelverka med så många andra proteiner, 
som de har setts göra. En viktig fråga är alltså hur dessa PDZ-proteiner kan 
upprätthålla selektivitet och specificitet, det vill säga känna igen sina interak-
tionspartners. En mekanism som PDZ-domänen kan använda för att känna 
igen och interagera med sitt partnerprotein är att överföra information från 
den speciella plats där partnern binder till en annan plats på PDZ-domänen 
och på detta sätt öka den yta som medverkar i interaktionen med partnerpro-
teinet. På det språk vi använder om proteiner kallas detta fenomen allosteri. 
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På detta sätt kan alltså PDZ-domänen skapa allosteriska nätverk som 
reagerar på olika sätt beroende på vilken bindningspartner den interagerar 
med. I denna avhandling har jag visat experimentellt att dessa allosteriska 
nätverk finns i PDZ-domäner och att de hjälper PDZ-domänen att känna igen 
sina olika bindningspartners. Många virusproteiner såsom E6 från humant 
papillomavirus interagerar med PDZ-domäner för att ta kontroll över cellen. 
Men många andra proteiner interagerar förstås med PDZ-domäner för att 
upprätthålla normala fysiologiska funktioner, vilket gör det svårt att använda 
PDZ-domänen som ett läkemedelsmål. Men kanske kan dessa allosteriska 
nätverk användas i framtida drug design för att specifikt hindra de skadliga 
interaktionerna mellan PDZ-domäner och virusproteiner som leder till olika 
sjukdomar, och samtidigt bibehålla de normala fysiologiska interaktionerna 
mellan PDZ-domäner och deras cellulära proteinpartners. 
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