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Abstract
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The postsynaptic density (PSD) is a large, dense and membraneless compartment of proteins
associated below the postsynaptic membrane bilayer, and which constantly undergoes
morphological alteration in response to synaptic activity. Formation of PSD is associated
with liquid-liquid phase separation of scaffold proteins in complex with other PSD proteins.
PSD-95, one of the most abundant scaffold proteins, contains five domains: PDZ1, PDZ2,
PDZ3, Src homology 3 (SH3), and guanylate kinase-like (GK) domain. The domains are
functionally divided in two supramodules: PDZ1-PDZ2 and PDZ3-SH3-GK (PSG). Multi-
domain proteins are characterized through their isolated domains in most studies and represented
by “beads on a string” model, which means that the function of a single domain is independent
of the context. In this thesis, the properties of PDZ3 and PSG are compared to elucidate
how and when PSD-95 can been characterized by the simple “beads on a string” model.
Kinetic characterization of CRIPT binding to PDZ3 showed a two-state mechanism, but a
more complex mechanism involving two conformational states upon binding to PSG. The
results were consistent with recent structural findings of conformational changes in PSD-95,
altogether showing that conformational transitions in supertertiary structures can shape the
ligand-binding energy landscape and modulate protein-protein interactions. Next the allosteric
networks in a PDZ:ligand complex were experimentally mapped, both in isolation and in the
context of a supramodular structure. Data showed that allosteric networks in a PDZ3 domain has
high dependency on the supertertiary structure. Furthermore, equilibrium and kinetic folding
experiments were applied to demonstrate that the PDZ3 domain folds faster and independently
from the SH3-GK tandem, which folds as one cooperative unit. However, concurrent folding
of the PDZ3 domain slows down folding of SH3-GK by non-native interactions, resulting in an
off-pathway folding intermediate. Finally, the interactome of PSG in PSD was mapped. PDZ3
and PSG show high specificity for peptides with type I PBM. Interestingly, two proteins called
SynGap and AGRB1 only bind with high affinity to PSG and forms concentration dependent
liquid droplets. The results show how context in terms of supertertiary structure alter affinity and
function, and suggest a model for how PSD anchor to the postsynaptic membrane. Altogether,
the findings in the thesis show that binding energy landscape, interactome, allosteric network,
folding mechanism and phase separation are dependent on the context, which suggest that we
need to be careful in interpretation of data obtained from isolated domains in multi-domain
proteins.
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X Any amino acid
F Hydrophobic amino acids
AA Amino acids
AGRB1 Adhession GPCR receptor B1
AMPA  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ASR  Ancestral sequence reconstruction
BLAST Basic local alignment search tool
CASK Calcium/calmodulin dependent serine protein kinase
CBP CREB-binding protein
CC Coiled coil
C. elegans Caenorhabditis elegans
CRIPT Cysteine-rich interactor of PDZ3
Dlg Discs large
DMC Double mutant cycle
D. melanogaster Drosophila melanogaster
D. ponderosae Dendroctonus ponderosae
FL Full length
GK Guanylate kinase like
GKAP Guanylate kinase-associated protein
H. sapiens Homo sapiens
H. vulgaris Hydra vulgaris
IDP Intrinsically disordered protein
INSY2 Inhibitory synaptic factor 2A
LLPS Liquid liquid phase separation
L. loa Loa loa
MAGUK Membrane associated guanylate kinases
ML Maximum likelihood
MSA Multiple sequence alignment
NMDA N-methyl-D-aspartate
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O. bimaculoides Octopus bimaculoides
PALS1 Proteins associated with Lin Seven 1
PBM PDZ binding motif
PDZ PSD-95/Dlg/ZO-1
PPI Protein protein interaction
PRS Perturbation response scanning
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PSG PDZ3-SH3-GK
PTP Protein tyrosine phosphatase
S. kowalevskii Saccoglossus kowalevskii 
SCA Statistical coupling analysis 
SH3 SRC homology 3
SynGap Synaptic Ras GTPase-activating protein



11

Introduction

Logic will get you from A to B. Imagination will take you anywhere. A quote 
that describes the essential in basic research. Curiosity is the desire to know, 
thus cultivates the seeds for creativity. My PhD thesis represents a general 
comparison of single and multi-domain proteins to reveal if multi-domain 
proteins can be described as “beads on a string” represented by the function 
of a single domain or if protein context affects function. Protein folding, 
allosteric network and binding interactome for a single protein domain and a 
multi-domain protein are compared. We choose one of the most studied model 
systems, the PSD-95/Dlg/ZO-1 (PDZ) domain. The choice of model system 
reflects the association of the PhD thesis with a European Training Network 
(PDZnet, Marie Curie Fellowship program with 14 individual projects). 
The specific choice of PDZ3 from postsynaptic density protein 95 (PSD-
95) among 268 different PDZ domains is due to the fact that PDZ3 is well
characterized from a structural and functional point of view, which makes it
a good model system. Thus, the structure and function of PDZ3 and a three
domain supramodule, PDZ3-SH3-GK (PSG) from PSD-95 are compared to
explore general concepts:

1) How do interdomain interactions in a multi-domain protein affect
propagation of allosteric signals in PDZ3? This was elucidated by mapping
the allosteric network in PDZ3 and PSG to reveal if they are similar.

2) Can we use ancestral sequence reconstruction and resurrection to reveal
why a binding motif from an essential protein:protein interaction is changed
in some species and understand how this affects function?

3) What factors determine if a multi-domain protein acts as a supramodule or
as “beads on a string”. This was elucidated by comparison of interactome and
folding pathway for PDZ3 (single domain) and PSG (multi-domain).

4) Is the specificity profile affected by mutation in the allosteric network? It
is postulated that mutation in the allosteric network of PDZ3 can switch its
specificity from type I to type II ligand. This was elucidated by screening the
potential interactome in the PSD against the PDZ3-SH3-GK supramodule and
selected mutants.
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I hope the projects of the thesis can plant the seeds to explore multi-domain 
proteins with supramodule function in a cellular context. A better understanding 
of supramodular context will expand the druggable proteome by more specific 
targets. The work in the thesis has contributed to the overall goal of the PDZnet: 
expand our knowledge of PDZ domains to seek for new potential drug targets 
in a broad spectrum of diseases such as cancer and neurodegenerative diseases. 
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Graphical Introduction
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Graphical Summary
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Brief Summary of Manuscript Contents

Paper I: Functional interplay between protein domains in a supramodular 
structure involving the postsynaptic density protein PSD-95 

Aim: To reveal the binding mechanism upon binding of CRIPT to the PDZ3-
SH3-GK (PSG) supramodule. 

Results: Kinetic analysis of the PDZ3:CRIPT interaction revealed a simple 
two state mechanism shown by fitting experimental data to a single exponential 
function. However, analysis of PSG:CRIPT revealed a more complicated 
mechanism as shown by fitting experimental data to double exponential 
function.

Conclusion/Perspective: We suggest that two conformations of PSG are 
present, and that both bind to CRIPT with similar affinity, but with different 
rates. This suggests that the interdomain architecture of PSG can shape the 
energy landscape and modulate protein-protein interactions.

Figure 1: Energy landscape of PSG conformations.  
Binding of 6 AA CRIPT to PSG revealed two conformations of PSG named PSGA and PSGB. 
Binding studies and modelling of data suggested similar binding constants, but different pep-
tide-binding rates for conformation PSGA and PSGB.
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Paper II: Supertertiary protein structure affects an allosteric network

Aim: To address whether the allosteric network propagation in PDZ3 is 
affected by interdomain interactions from the adjacent protein domains in 
PSG supramodule?

Results: Thermodynamic double mutant cycles were applied to map the 
allosteric network in PDZ3 and PSG upon binding of CRIPT 6 or 15 AA. 15 
mutants were analyzed in the background of PDZ3 and PSG. Comparison of 
allosteric networks mapped onto the structure of PDZ3 and PSG revealed a 
shift from mainly positive to negative coupling free energies and new coupling 
patterns in the a3 helix, b1b2 loop and b2b3 loop. 

Conclusion/Perspective: Allosteric coupling in PDZ3 is affected by the 
supertertiary structure of the supramodule, which is likely a general feature of 
the MAGUK family for allosteric propagation. Our findings reveal a striking 
sensitivity of allosteric networks to perturbation by adjacent domains with 
general implications for their identification and characterization.

Figure 2: Characterization of allosteric networks in PSG and PDZ3. 
Residue by residue in the allosteric networks of PDZ3 and PSG were compared, which revealed 
that the allosteric network in PDZ3 is affected by the the context of the SH3-GK domain as the 
allosteric network of PDZ3 and PSG are different.
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Paper III: Divergent evolution of a protein-protein interaction revealed 
through ancestral sequence reconstruction and resurrection

Aim: How is the binding of the PDZ3:CRIPT interaction affected by loss of 
the type I PDZ binding motif (T/S-X-F-COOH) in some species?

Results: Ancestral sequence reconstruction and resurrection were applied on  
CRIPT and PDZ3. The PDZ3:CRIPT interaction was analyzed horizontally 
(seven present days species) and vertically (five ancestors). All of the selected 
extant and resurrected PDZ3 domains bind to the ancestral Eukaryota 
CRIPT with high affinity. CRIPT from nematodes and insects have lost the 
type I PBM, therefore a low affinity was reported from these species of the 
PDZ3:CRIPT complex. An extended a3 helix can increase the affinity of 
some weak PDZ3:peptide interactions. The a3 helix hypothesis was tested 
for nematodes and insects, but full length a3 helix could not rescue the weak 
interaction for species with lost type I PBM in CRIPT.

Conclusion/Perspective: The PDZ3:CRIPT interaction was strong in the 
ancestors of Bilateria, Deuterostomia and Protostomia, which was revealed by 
reconstruction and resurrection of ancestral proteins. But a weak PDZ3:CRIPT 
interaction appeared at the time of the ancestor of Hexapoda animals (including 
mainly insects). An established protein-protein interaction involved in cellular 
scaffolding is subject to dynamic evolution at the time point of the common 
ancestor of Hexapoda, thus raise questions about the physiological function of 
the PDZ3:CRIPT interaction in present days species from the Hexapoda node. 
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Figure 3: Species tree depicting PDZ3 and CRIPT in different phyla. 
Phylogenetic tree showing the presence of PDZ3 (black) and CRIPT (red) at different time 
points. Proteins were reconstructed, resurrected, expressed and purified to allow horizontal and 
vertical analysis of the PDZ3:CRIPT interaction. The analysis is performed to reveal how the 
lost type I PBM in CRIPT from D. melanogaster, D. ponderosae and Hexapoda affects bind-
ing of CRIPT to PDZ3. Colored circles represent the evolutionary nodes where proteins were 
resurrected, expressed and purified to address the evolution of the PDZ3:CRIPT interaction. 
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Paper IV: Dissecting inter-domain cooperativity in the folding of a multi-
domain protein

Aim: Protein properties are an outcome of biophysical, functional and 
evolutionary forces, that can clash and form trade-offs. Therefore, we want to 
understand the protein folding pathway for a supramodule, the three-domain 
PSG from PSD-95. PSG is a supramodule, as it has properties (binding, 
dynamic) that are distinct from its single domains, but it is not known how 
the folding pathway is affected by the supramodular structural organization.

Results: Equilibrium and kinetic folding experiments showed that PDZ3 
fold faster and independently from SH3-GK tandem, which folds as one 
cooperative unit. Folding of PDZ3 domain slows down the folding of SH3-GK 
by non-native interactions, resulting in an off-pathway folding intermediate. 
Two kinetic phases were observed for folding of PSG and SH3-GK, therefore 
we suggested occurrence of a  cis-trans proline isomerization in the SH3-GK 
tandem.

Conclusion/Perspective: Folding of individual domains impair the overall 
folding of a multi-domain protein. Further experiments need to reveal if the 
off-pathway folding intermediate is a functional trade-off with a physiological 
role, as shown for another PDZ multi-domain [21], and if the two observed 
kinetic phases are due to cis-trans proline isomerization as a mechanism for 
intrinsic autoinhibition. The main conclusion is that the common SH3 domian 
folds as a folding unit together with GK domain rather than an independently 
protein domain.

Figure 4:  Energy diagram of PSG folding. 
The energy diagram shows the main states of PSG in its folding pathway from denatured (D) 
to native (N) state, illustrated as on-pathway. Due to lower energy barrier from the denatured 
state of PSG to an intermediate (I) state than to N-state, PSG can be trapped, illustrated as 
off-pathway. 
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Paper V: Determinants of affinity, specificity and phase separation in a 
supramodule from Postsynaptic density protein 95

Aim: To elucidate how the context affects the interactome of PDZ3 in multi-
domain protein PSG by comparing specificity of PDZ3 and PSG for C-terminal 
peptides derived from proteins in PSD. Multimerization is suggested to be 
essential for liquid liquid phase separation in PSD, which PSG induces upon 
formation of complex with SynGap by multiple interactions, thus a specific 
property for PSG in comparison to PDZ3. How will mutants that enhance 
and disturb affinity of native ligand CRIPT affect ligand specificity and liquid 
liquid phase separation? Last, can we identify new proteins that induce liquid 
liquid phase separation in complex with PSG?  

Results: PSG and PDZ3 bind with high specificity to ligands with type I 
PBM. SynGap and AGRB1 bind with significantly higher affinity to PSG 
than PDZ3 and induce phase separation upon mixing with PSG. PSGG322A and 
PSGG335A have mutations located outside of the binding pocket in PDZ3 thus 
increased affinity, specificity and size of liquid droplets, whereas mutations 
located within the ligand binding pocket relaxed the specificity, and resulted 
in adaption to a new binding motif, for example INSY2 (F-X-F) bound with 
high affinity to PSGF325A and PSGI327V.

Conclusion/Perspective: Our results show how context in terms of 
supertertiary structure alter affinity and function, and suggest a model for PSD 
to anchor to the postsynaptic membrane through phase separation with the 
intracellular C-terminal part of AGRB1.

Figure 5: Anchoring of PSD to membrane bilayer through phase separation.
Illustration of an excitatory synapse with PSD located below the membrane bilayer of the syn-
apse. PSG and C-terminal part of AGRB1 are highlighted. The two proteins form phase separa-
tion upon mixing. The compartmentalization of PSG and AGRB1 next to the membrane bilayer 
suggests a mechanism for PSD to anchor to the membrane bilayer. 
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Review: Seeking allosteric networks in PDZ domains 

Aim: To elucidate why we observe different allosteric networks in PDZ 
domains depending on the use of approach.

Results: Comparison of eight allosteric networks probed by in silico and 
experimental approaches in the PDZ domain showed overlapping patterns 
around the binding pocket. However, differences were revealed, especially in 
loops and in a3 helix of PDZ3.

Conclusion/Perspective: Probing allosteric networks in PDZ domains seems 
to be method dependent due to the relatively weak energetic connectivity 
and complexity of amino acid residue interactions involved in the networks. 
Therefore, we propose that a combination of experimental and in silico 
approaches are required to fully map the allosteric network in single protein 
domains.

Figure 6: Allosteric networks in PSD-95 PDZ3. 
Allosteric networks determined with different methods and shown in form of colored ball and 
stick in the structure of human PSD-95 PDZ3 (PDB:1BE9): A) Perturbation response scanning 
(PRS) [129], B) Statistical coupling analysis (SCA) [50], C) Molecular dynamics simulation 
[39], D) Deep coupling scan (DCS) [40], E) Thermodynamic double mutant cycle (DMC) 
[128], F) Conservation mutation correlation analysis (CMCA) [127], G) Rigid-residue scan 
(RRS) [126] and H) Monte Carlo path (MCPath) [125]. Adapted from figure 3 in the review by 
Gautier et al. [13].
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The Model System PDZ3 from PSD-95

PDZ3 from PSD-95 is used as model system in this thesis. PSD-95 is expressed 
in postsynaptic neurons and is the most abundant protein in the postsynaptic 
density (Figure 7A). The major functions of PSD-95 are structural organization 
of the excitatory postsynaptic density and localization of transmembrane 
proteins to specific sites, that regulate the synaptic strength. Diminished levels 
of PSD-95 are associated with aging and neurodegenerative diseases [1] such 
as Huntington, Alzheimer [2], major depressive disorder [3], schizophrenia 
and autism spectrum disorder [4]. PSD-95 is a scaffold protein characterized 
by its multiple protein-protein interaction domains: PDZ1, PDZ2, PDZ3, SRC 
Homology 3 (SH3) and Guanylate kinase like (GK). PDZ1 and PDZ2 form 
one structural tandem. PDZ3-SH3-GK (PSG) forms a tertiary structure (Figure 
7B and C), denoted supramodule, for which the interdomain organization can 
change upon ligand binding [5]. PSG is the core of the Membrane Associated 
Guanylate Kinase (MAGUK) protein family (Figure 8), a family of scaffold 
proteins with essential roles in cell-cell communication, cell polarity and 
cellular signal transduction [6]. 

Figure 7: Location and structural organization of PSG supramodule.
A) Illustration of a neuron with the postsynaptic density highlighted in the postsynaptic neuron. 
PSG from PSD-95 is highlighted in the postsynaptic density due to its high abundance and im-
portant function. B) Crystal structures of individual domains in PSD-95 PSG are shown from 
N- to C-terminal: PDZ3, SH3 and GK. PDB code: PDZ3 (314W) and SH3-GK (5YPR). C) 
Ribbon diagram of PSG with all native (470, 471, 499, 507, 717) and engineered (337) Trp resi-
dues highlighted. Lengths of linkers between PDZ3-SH3 and SH3-GK, respectively, are shown. 
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PDZ3 from PSD-95 is a small protein domain, that share its compact globular 
fold with around 268 [7] other PDZ domains in the human proteome. The PDZ 
domain contains 5-6 b sheets and 2-3 a helices. In the groove, formed between 
b2 sheet, a2 helix and a loop between b1 and b2, a C-terminal peptide can
bind. The C-terminal peptide will most often arrange as an anti-parallel b 
strand in connection to the b2 sheet. This is also the case for cysteine-rich 
interactor of PDZ3 (CRIPT), a native ligand for PDZ3 (Figure 9A). The 

Figure 8: MAGUK family.  
Domain structure of selected members from the Membrane associated guanylate kinases (MA-
GUK) protein family with the basic structural domains: PDZ, SH3 and GK domain. Lengths of 
PDZ3-SH3 and SH3-GK linkers are highlighted. 
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interdomain architecture of the supramodule PSG is altered upon binding the 
flexible C-terminal part of CRIPT to PDZ3. Binding of CRIPT changes the 
structural network of post synaptic density thus promoting PSG to localize 
and assemble AMPA receptors and Glutamate A1 subunits [8]. The molecular 
system is essential for dendritic growth during development. In vitro studies 
have shown that only the last 6 amino acids of CRIPT are required for full 
affinity (CRIPT binds in the low micro molar range to Homo sapiens PDZ3) 
[9], however it is not known if full length CRIPT (12 kDa) is required to 
promote the associated functions of the PDZ3:CRIPT interaction. In vivo 
studies show that PDZ3:CRIPT interaction promote localization of AMPA 
receptors [8] and induce interdomain conformational change in PSG from 
compact to extended conformation [5]. 

PDZ3 has several ligands e.g. Synaptic Ras GTPase-activating protein 
(SynGap) [10] (Figure 9B), and CRIPT [11] (Figure 9A), but the PDZ3:CRIPT 
interaction is the most studied interaction from a structural and biophysical 
point of view. The complex of PDZ3:CRIPT was the first structure of PDZ 
domain solved by crystallography [12] and has been a conceptual model 
system to study allostery in single protein domains [13, 14], achieved without 
conformational change in the domain upon binding of ligand [15]. All the 
established ligands have one thing in common, they bind to PDZ3 via a T/S-
X-F-COOH motif, also called a type I PDZ binding motif (PBM) (Figure 9C). 
An early characterization of PDZ domain specificity, based on the observation 
that amino acid residues P0 and P-2, counted from the C-terminal, dictate 
most of the affinity, resulted in a classification system with three types of 
PDZ binding motifs: type I (T/S-X-F-COOH), type II (F-X-F-COOH) and 
type III (D/E-X-F-COOH) [16] (Figure 9C). The classification system is an 

Figure 9: PDZ3 canonical binding of ligands with type I PBM. 
A) Structure of PDZ3 with a bound C-terminal peptide of CRIPT with a T-X-V motif. PDB: 
1BE9. B) Structure of PDZ3 with a bound C-terminal peptide of SynGap with a T-X-V mo-
tif. PDB: 5JXB. C) The three most common PDZ binding motifs: type I (T/S-X-F), type II 
(F-X-F) and type III (D/E-X-F), showing the importance of the P-2 position for specificity.
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oversimplification; thus, specificity depends often on more than the nature 
of P-2 and P0 [17, 18]. The PDZ3:SynGap interaction is an example of this, 
since it requires a 10 amino acid SynGap peptide and a full length a3 helix 
from PDZ3 [10] (Figure 9B). In figure 10 a list of PDZ3:ligand interactions 
are reported to illustrate the dependence between primary structure length 
and associated functions of PDZ3:ligand interactions. Many studies have 
been conducted with the PDZ3:CRIPT complex as model system, however, 
very few studies have used the full length a3 helix, which was reported to be 
essential for the PDZ3:SynGap interaction and function [10]. This is probably 
due to the fact that a decent affinity is reported by the use of a short a3 helix 
in PDZ3. However, it is not well explored if the function of the PDZ3:CRIPT 
interaction is affected by the length of the a3 helix. Therefore, the objectives of 
the thesis were to explore the importance of the context (e.g. a3 helix length) 
regarding affinity, stability, folding and allosteric network propagation. In 
paper III, a weak PDZ3:CRIPT interaction were reported for nematodes and 
insects, as CRIPT from these species lack type I PBM in its sequence. To test 
the hypothesis that extended a3 helix and longer peptide derived from CRIPT 
can increase the affinity of weak PDZ:peptide interaction, we measured 
the affinity between CRIPT 15 AA and PDZ3

a3. However, the affinity only 
increased up to two-fold, therefore, not the significant contribution (15-fold) 
as reported for the PDZ3:SynGap interaction [10]. The function of the a3 helix 
is explored indirectly in paper I, II, IV and V, where we compared the allosteric 
network, phase separation, folding mechanism and ligand specificity for 
PDZ3 in presence and absence of the SH3-GK tandem. These few cases show 
how important it can be to consider the primary structure length of a model 
system to explore the full spectrum of associated functions of protein-protein 
interactions. In the specific case of PDZ3:CRIPT interaction the dissociation 
constant is not sensitive to primary structure length, but the associated 
functions of PDZ3:CRIPT interaction are not well explored to exclude primary 
structure length dependence. Nevertheless the primary structure length 
have significant impact on the PDZ3:SynGap and PDZ3:Adhession GPCR 
receptor B1 (AGRB1) interaction and associated properties of complexes.
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Beads on a String or Supramodule

Scaffold proteins in the PSD are multi-domain proteins, with several well 
folded protein domains without intrinsic enzymatic activity, thus making 
them ideal for protein network organization [19]. Many scaffold proteins 
in PSD contain several PDZ domains, and as PSD-95, a highly conserved 
domain organization through evolution. The conserved multiple PDZ domain 
organization suggests positive selection for function [19]. Scaffold proteins 
have been studied as “beads on a string”, but a number of studies have 
demonstrated that the conserved multiple PDZ domain organization have 
target-specific function [20, 21]. If the properties of a PDZ tandem are distinct 
from those of its constituent single domains, the structural and functional 
unit is referred to as a supramodule [19]. A supramodule is a multi-domain 
functional unit with spatial organization and function distinct from the single 
domains. In paper I, II, IV and V the PSG supramodule was studied (Figure 
10), our studies with the PSG supramodule showed a distinct behavior from 
isolated PDZ3 in folding (Paper IV), allosteric network (Paper II), peptide 
interactome and LLPS (Paper V). A recent study reported that a spatial 
organization of PDZ3, SH3 and GK domain is required for SynGap high 
affinity interaction and liquid liquid phase separation (LLPS) [10]. Therefore, 
multi-domain scaffold proteins cannot be studied and described by the simple 
“beads on a string” model. 

PDZ domains are organized in a supramodule to increase stability of single 
domains [22, 23], expand interactome to dimeric targets [24] and constrain 
structure [23]. Sequence analysis of multi-domain PDZ proteins reveal that 
PDZ domains are often connected with a short linker of conserved length. 
Another example is PDZ1-2 tandem from PSD-95. The linker spacing the 
two domains is short to decrease conformational space of domains [25]. The 
same study showed by increasing the length of the linker that the interdomain 
interaction between PDZ1 and PDZ2 were lost. The obvious question to ask 
is, if all PDZ tandems act as supramodule or the high prevalence of multiple 
PDZ domains in scaffold proteins is a consequence of positive selection 
during evolution for PDZ domain in response to increased signaling in 
multicellular organisms [26]. Several PDZ tandems have been reported 
as supramodules, e.g. PDZ1-2 PSD-95 [25], PDZ4-5 GRIP [27], PDZ1-2 
Whirlin [20]. The structural organization of all the listed supramodules are 
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Figure 10: Overview of PDZ3:ligand binding and primary structure length.
Experimental data show that the PDZ3:ligand interaction is dependent of 1° structure length. 
Six reported cases with use of different 1° structure length for PDZ3 and ligand 1) PDZ3:CRIPT 
6 AA (minimum for full affinity), 2) PDZ

a3:SynGap 15 AA (increases affinity 15 fold), 3) PS-
G:CRIPT 6-15 AA induces conformational change in interdomain structural organization, 4) 
PSG:SynGap 15 AA complex induces dimerization, whereas PSG:CRIPT 15 AA complex does 
not induce dimerization, 5) PSG:FL SynGap induces liquid liquid phase separation 6) PSG:FL 
CRIPT induces dendrite growth, but no phase separation.
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significantly dependent on the length of the linker connecting the domains. 
Therefore we can assume that the PSG supramodule is present in all DLG 
proteins (PSD-95, PSD-93, synapse-associated protein (SAP)-97 and SAP-
102) [28, 29], whereas further experiments need to reveal if the same is 
true for the whole MAGUK family [30] (Figure 8). Structural data of the 
PSG supramodule has been difficult to obtain due to the dynamic and weak 
interdomain organization of the individual domains in ligand free state [28]. 
The structure of PALS1 PSG was previously solved reporting an elongated 
conformation with minimal interdomain interactions in apo conformation, but 
the structure changes conformation upon ligand binding to PDZ3 to a more 
compact structure with inter- and intradomain interactions [31]. Experimental 
data from PSD-95 PSG showed that the interdomain interaction between 
PDZ3 and SH3 were disrupted upon ligand binding to PDZ3 [28]. Therefore, 
it can be speculated that PSG supramodule from the MAGUK family have 
diverse structural organization due to different length of PDZ3-SH3 and SH3-
GK linker (Figure 8). Diverse structural organization of the PSG supramodule 
will increase ligand specificity among proteins in the MAGUK family.    
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Allostery 

How do we define allostery? It is a process where a modulator binds to a 
distinct allosteric site of a protein and affects the binding activity of another 
primary site thus enabling regulation of the function of the primary site. This 
description was formulated over 50 years ago from observations in threonine 
dehydrogenase [32] and hemoglobin [33] showing a feedback control 
mechanism for binding of substrate and inhibitor to multiple binding sites. 
Since then allosteric regulation has been found to play an essential role in 
many biological systems [34]. As a result it has been suggested that allostery 
is an intrinsic property of all dynamic proteins [35]. However, there is one 
major issue with the allosteric concept, even with the potential to discover 
allostery in hundred or thousand different protein types. The molecular 
mechanisms associated with allosteric regulation are still not well defined [34, 
36]. The allosteric property arises from the perturbation of the native free 
energy landscape upon perturbation from e.g. modulator binding, protonation, 
interdomain interactions etc. Therefore, an allosteric behavior can be determined 
from the following parameters: 1) Relative stabilities of populations of all 
states in the system. 2) Transition between the states associated with a certain 
timescale as determined by the energy barriers between them. 3) Modulators 
(allosteric ligands) or conditions (pH, ionic strength etc.) that can modify the 
dominant states, thereby remodel the energy landscape of the whole system 
[34]. However the physical mechanisms that underpin the parameters of 
allostery are still weakly defined and easy to perturb based on method choice 
[13]. This is in sharp contrast to protein folding, which is relatively robust 
to perturbation from choice of method, and synergy between experimental 
and computational methods is reported [37]. The funneled energy landscape 
gives rise to a large energy difference between the unfolded and folded state, 
whereas allostery is mediated by small energetical differences. It has been 
difficult to report synergy between allosteric data obtained from experimental 
and computational methods [13] (Figure 11). Therefore Wodak et al. asked 
the questions, how do we determine allosteric parameters, which roles play 
thermodynamics by stabilization and destabilization of states and kinetics by 
time-scales and energy barrier for transition states [34]?

Initially, allostery was only described in dimeric or multi-domain proteins with 
a clear conformational change. Then allostery could be described on the basis 
of enthalpy due to the conformational change (Figure 12A). But Cooper et al. 
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suggested that allostery also can appear in proteins without a conformational 
change [38] (Figure 12B). This suggests that allostery can be described purely 
as an entropic effect and was the basis for further studies of dynamic allostery 
(Figure 13). So what control allosteric regulation? If we look at only one small 
system, PDZ3 from PSD-95, we will immediately reveal that the physical 

Figure 11: Allosteric networks in PDZ3 determined by different approaches. 
2° structure of PDZ3 PSD-95 is illustrated on top. Below is illustrated the 1° structure length 
used in the different studies. The only exception is the deep coupling scan, which was applied 
only at a2 helix, but they used the whole domain for experimental validation. The comparison 
shows that different N- and C-terminal lengths have been used. Note that the a3 helix was exclud-
ed from the Conservation mutation correlation analysis and Statistical coupling analysis. The 
following approaches were used: Monte Carlo path (MCPath) [125], Rigid-residue scan (RRS) 
[126], Conservation mutation correlation analysis (CMCA) [127], Thermodynamic double mu-
tant cycle (DMC) [128], Deep coupling scan (DCS) [40], Molecular dynamics simulation [39], 
Statistical coupling analysis (SCA) [50], Perturbation response scanning (PRS) [129], Nuclear 
magnetic resonance [15]. Color code: green (in vitro) and purple (in silico) approach. 
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principles associated with allostery are difficult to deduce. Initially, PDZ3 was 
seen as a model system to explore allostery without conformational change, 
which suggests dynamic allostery caused by an entropic effect (Figure 12B 
and 13). Evidence for such mechanism was obtained by nuclear magnetic 
resonance (NMR) experiments [15] since they saw a minimal contribution 
from enthalpy as the binding affinity dropped 21-fold upon deletion of a3 
helix. Kumawat and Chakrabarty questioned the interpretation and showed 
that enthalpy plays a role in PDZ3 too. Especially electrostatic interactions 
are rearranged by the internal energy redistribution caused by enthalpic effects 
[39]. One thing to notice is that different primary structure length of PDZ3 
constructs (Figure 11) were used in the molecular dynamics simulations and 
NMR experiments. A PDZ3 domain with an extended C-terminus a3 helix 
(309-410) was used in the molecular dynamics simulations, whereas the 
NMR study used a shorter PDZ3 domain that is enough to obtain full affinity 
with native ligand (Figure 11). The extended a3 helix (residue 402 to 410) 
is associated with conformational change upon ligand binding [5]. Further 
studies (with same primary structure length of PDZ3) will allow a direct 
comparison and may reveal the entropic and enthalpic contributions to the 
allosteric network in the PDZ3 domain.

Nine proposed allosteric networks in PDZ3 are illustrated in figure 11 along 
with the length of the PDZ3 construct used in the respective study. This 
raises the question how the determined allosteric networks were affected by 
1° structure length. Lockless and Ranganathan proposed the first allosteric 
network in PDZ3 by use of the then novel statistical coupling analysis 
(SCA) [14]. Allosteric networks reported subsequently in PDZ3 used other 
methods such as perturbation response scanning (PRS), molecular dynamics 
simulation, double mutant cycle (Figure 6 and 11). To benchmark the quality 
of new approaches, most have compared their allosteric networks in PDZ3 
with the first identified allosteric network proposed by the SCA approach. 

Figure 12: Classic and dynamic allostery. 
Illustration of A) Classic allostery is observed by conformational change upon perturbation, 
apo (2WC2) and bound (1G6N) structure of catabolite gene activator protein. Change in con-
formation upon perturbation deceases the volume of catabolite gene activator protein structure, 
the shrink in volume is highlighted with red color. B) Dynamic allostery is present when no 
conformational change is observed upon perturbation, like in the apo (1BFE) and bound (1BE9) 
structure of PDZ3.
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However, the SCA approach has only recently been experimental validated for 
five homologous in the PDZ family, but it was only done for the a2 helix [40]. 
One thing that rarely has been addressed, why did they not apply the SCA 
approach only on the subset of PDZ domains that contains an a3 helix, such as 
PDZ3 from PSD-95 and compared the result to the analysis done on the whole 
PDZ family, which may validate if the allosteric network is universal for all 
PDZ domains. The SCA result was originally experimentally validated by the 
use of PDZ3 from PSD-95, eventhough the analysis excluded the a3 helix 
[14]. In a review article [13] we compared eight allosteric networks reported 
from experimental and in silico approaches and suggested that the discrepancy 
is caused by choice of method (Figure 6 and 11). Looking in retrospect we did 
not discuss the fact that the allosteric networks have been probed by using 
different PDZ constructs, which differ in length of the primary structure even 
for the same PDZ domain (Figure 6 and 11). This issue is addressed in paper 
II, where we observe different allosteric networks in PDZ3 and PSG, probed 
by double mutant cycles and coupling free energy analysis (Figure 14 and 15). 

Why can we not define the basic mechanisms that underpin allostery? 
Gulzar et al. discussed one problem with allosteric research that energy 
transport is interpreted as allosteric communication even though the allosteric 

Figure 13: Dynamic allostery. 
Illustration of dynamic allostery with and without change in enthalpy. The original view of 
dynamic allostery was described by an entropic effect with no conformational change (without 
enthalpy). However a recent study show that no conformational change in secondary structure, 
does not exclude enthalpy. Enthalphy can arrise  from redistribution of internal energies in 
residues, mainly electrostatic energy from residues (with enthalpy). The figure is adapted from 
[47]. 



34

communication and energy transport arise at different time scales [45]. Do 
energy transport and allosteric coupling arise from the same tertiary contacts 
[46]? Gulzar et al. do not support the notion of a well-defined allosteric 
network as ”dominos on a row” [36]. They suggest that allosteric coupling 
occurs around the binding pocket. If we look at the allosteric networks shown 
in figure 6 and 11, a comparison of allosteric networks supports the notion that 
an allosteric network occurs from the binding pocket and propagates along 
not well defined paths. All the allosteric networks overlap, but they also show 
unique patterns. We discuss the difference as consequence of method [13] and 
construct length (Paper II). In a recent paper it was suggested that all residues 
are part of the allosteric network in PDZ3, but are stimulated at different time 

Figure 14: Double mutant cycles and coupling free energy analysis.
Double mutant cycles and coupling free energy analysis is one approach to determine allosteric 
networks in proteins. Residue pairs are characterized by double mutant cycle to determine their 
interaction energies, which are used to map  allosteric networks. A) The double mutant cycle 
contains four protein:peptide complexes: 1) WT:WT, 2) WT:mutant, 3) mutant:WT and 4) mu-
tant:mutant. B) The affinity of each protein:peptide complex is measured by stopped flow spec-
troscopy, that reveals the association and dissociation rate constant, which can be used to obtain 
the dissociation constant (Kd). C) The coupling free energy of residue pairs is calculated from 
the product of Kd for complexes with single mutation to the product of Kd for WT complex and 
double mutant complex. If the products are the same, then the coupling free energy (DDDGc) 
will equal zero and the residue is experimental displayed as non-allosteric, whereas if the prod-
uct of single mutant´s Kd is largest (low affinity), then the coupling free energy will be positive 
and the residue in the protein is allosterically coupled to the residue in the peptide. Oppositely, 
if the product of Kd for WT and double mutant is largest (low affinity), then the DDDGc will be 
negative and the residue in the protein is allosterically coupled to the residue in the peptide. D) 
Mapping the allosteric network in a protein, residue by residue, by using double mutant cycle 
for each residue to determine DDDGc. Residues that are analyzed are visualized by spheres and 
colored by the respective calculated DDDGc.
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scales [151]. If this observation is true, it will terminate the discussion about 
the ”truth” of allosteric networks in PDZ3. Since it so far has not been possible 
to identify two identical allosteric networks in PDZ3, but if all residues are 
triggered at different time-scales this will explain why. Even though it is 
difficult to measure allostery in a simple 90 amino acid protein domain and 
define the physical principles that underpin the mechanism of allostery, there 
is no doubt about the significance of allosteric applications. Especially drug 
discovery has shifted paradigm from orthosteric site to allosteric site as drug 
target [41]. The allosteric site is more specific than the orthosteric site for a 
given protein family. Allosteric drugs are safer as they possess selectivity and 
specificity profiles that reduce side effects [42, 43]. However, the paradigm 
shift has been challenged by slow development of screening methods for 
allosteric drugs and few successful stories of allosteric blockbuster drugs [44]. 

What is the origin of allostery in proteins? The main view in the field links 
allostery with protein function [47, 48]. However, Raman et al. proposed that 
the origin of allostery is the capacity of proteins to adapt during evolution 
[49, 50]. The sector in PDZ3 is defined as the group of residues that have 
coevolved and are associated with allosteric function found by use of SCA 
approach [14]. In the study it was shown that mutations in the sector of PDZ3 
allowed the switch of binding preference from ligand with type I to type II 
PBM. The mutations were grouped based on their property: class bridging or 
class switching. A class bridging mutation introduces loss of specificity thus 
the protein can bind to ligands with both type I and II PBM. On the other hand, 
a class switching mutation changes the specificity from type I to II PBM. 
Raman et al. only analyzed the effect of type I to II PBM switch, meaning that 
they only analyzed the effect of amino acid change at position P-2. However, 
they interpret their results as a general property of the sector to deduce the 

Figure 15: Allosteric networks in PDZ3 and PSG.
Allosteric networks mapped in PDZ3 and PSG by double mutant cycles, using mutational pertur-
bations in the proteins and the peptide (CRIPTP-2 6 AA and CRIPTP-3 6 AA). A) PDZ3:CRIPTP-2 
6 AA, B) PSG:CRIPTP-2 6 AA, C) PDZ3:CRIPTP-3 6 AA and D) PSG:CRIPTP-3 6 AA. The 
structures were made using PDB file 1BE9. 
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evolution of binding specificity for PDZ3. In retrospect if we ”trusted” the 
allosteric network proposed by the SCA approach we would not have initiated 
the study presented in paper III. We could have proposed that D. melanogaster 
and D. ponderosae will not bind their native CRIPT ligand without classical 
type I PBM, where we observe a switch in P0 residue. When we do multiple 
sequence alignments of 1° structure from D. melanogaster and D. ponderosae 
we do not observe any class switching mutations (Figure 16). Nevertheless, 
when we look carefully at the data (Figure 16), we can see that four surface 
residues report class bridging properties, even though they are not part of 
the allosteric network. Therefore, we choose to apply the ancestral sequence 
reconstruction (ASR) approach to PDZ3. Hereby, we reconstructed 5 ancestral 
variants of the PDZ3:CRIPT complex and compared them to seven present-
day complexes from animals including D. melanogaster and D. ponderosae. 
The aim was to reveal if the change in binding motif is associated with change 
in function and binding specificity of D. melanogaster and D. ponderosae. 
The reasoning for choice of a vertical approach as ASR to study PDZ3:CRIPT 
interaction is supported by the three major issues with horizontal analysis as 
SCA belong too. First, the a3 helix is excluded from the SCA analysis since 
the approach is based on multiple sequence alignment of all PDZ domains, but 
only PDZ3 domains contain the a3 helix. Therefore the a3 helix was excluded 
from the original analysis of PDZ family [50]. Second, horizontal analysis 
best identifies the set of residues important for one function, not the set of 
residues that can switch function from one to another protein in the family [51]. 

Figure 16: Conserved sector architecture in PDZ3 suggests PBM I preference. 
Sequence alignment of CRIPT from H. sapiens, D. melanogaster and D. ponderosae reveals 
that only H. sapiens CRIPT has a type I PBM. Sequence alignment of PDZ3 from H. sapiens, 
D. melanogaster and D.ponderosae reveals that all class switching residues (red), class bridg-
ing residues (light blue), sector residues without experimentally validated function (grey) and 
class bridging surface residues are conserved. Based on evolution theory by Raman et al. [49] 
this suggests that D. melanogaster and D. ponderosae PDZ3 cannot bind their native CRIPT 
without type I PBM. All the highlighted residues are shown as spheres and with color code in 
the crystal structure of PDZ3:CRIPT, PDB:1BE9.
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Third, specific change in primary structure can cause epistasis. One mutation 
introduced into five different PDZ domains caused different energetic effects, 
which reveals high context dependence [52]. Therefore if epistasis is present, 
the introduction of a mutation in one protein background may not reveal the 
effect of mutation in other protein family members or ancestral proteins even 
if a new function evolved from these proteins [51]. It has been shown that 
a vertical analysis does not have these limitations and can even specifically 
identify class bridging and class switching mutations [53]. The ASR approach 
will be discussed in the next section regarding its opportunities and limitations.

The allosteric network in PDZ3 has only been observed in vitro or in silico, thus 
set question by its functional application in vivo as it may be a concept only 
observable in the laboratory. In paper V we screened all proteins associated 
with PSD according to a Uniprot search, and which has a hydrophobic 
C-terminal residue. The aim was to elucidate if the allostery has implications 
for PSG specificity. Six mutants were tested, the four single mutants: PSGG322A, 
PSGF325A, PSGI327V and PSGG335A were previously tested and reported to  display 
interaction energies with the P-2 residue in the PSG:CRIPT 6 AA  complex. 
This was probed by mutation of the P-2 residue in CRIPT 6 AA and analyzed 
with a double mutant cycle approach (Figure 14) using stopped flow kinetics 
to obtain coupling free energies [54] (Figure 15). The SCA approach only 
identified three of the four residues in PDZ3 and categorized them as listed: 
PDZ3G322 (class bridge), PDZ3F325 (sector), PDZ3I327 (class switch) and 
PDZ3G335 not identified. This implies that if the SCA network is “true” we will 
see a significantly different binding profile for the four mutational variants 
against ligands with type I, II and III PBM. As a class switching residue 
PDZ3I327 is expected to select type II or III over type I PBM. We showed that 
PSGF325A and PSGI327V display similar binding profile with regard to  type I, II 
and III ligands (Paper V). Therefore further experiments need to be conducted 
to reveal if SCA approach and associated allosteric networks are valid in PSG 
supramodule. However, our comparison of the allosteric network in PDZ3 
and PSG probed by double mutant cycle, reveals a significant difference in 
the allosteric networks (Figure 15). All together the significant difference 
of PDZ3 and PSG allosteric network reported in paper II, suggests that the 
identified allosteric residues in PDZ3 probed by different approaches [13], 
will not be the same if SCA or another approach was applied to PSG, thus 
implicate the importance to study PSG to reveal the context dependent 
characteristic of PDZ3 as binding mechanism, allostery, binding specificity etc. 
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Ancestral Sequence Reconstruction

Ancestral sequence reconstruction is a technique used to study structure and 
function of protein through evolution. Pauling and Zuckerkandl are the pioneers 
of the research field [55]. They proposed that it would be possible to infer 
the sequence of an ancestral protein from sequences of recent days proteins. 
Technology advancements in DNA sequencing, DNA synthesis and better 
algorithms for reconstruction have made the ASR approach universal [56]. 
The basic steps of the method are illustrated in figure 17. A brief description 
of our ASR approach follows: 1) identify sequences in NCBI database by 
term search and BLAST approach (reference H. sapiens), 2) filter and sort 
sequences by Python programming and manual curation, 3) make a multiple 
sequence alignment (MSA), 4) extract information about the animal species 
to obtain a taxonomic tree 5) perform ASR based on a maximum likelihood 
method thus give posterior probability of all 20 amino acids for every residue 
in the sequence. Therefore, there are several parameters that determine 
the quality of ASR, e.g. sequence number, sequence quality and sequence 
similarity. The conclusions drawn from the first ancestral reconstruction and 
resurrection studies were therefore limited, due to few available sequences, 
as input for MSA, which lead to high uncertainty in reconstructed residues 
[57]. CRIPT and PDZ3 are conserved proteins, and we were therefore able 
to reconstruct the ancestral sequence of PDZ3 from the common ancestor of 
all extant bilaterians and the ancestral sequence of CRIPT from the common 
ancestor of all extant eukaryotes (Figure 16). Fast-evolving proteins, such as 
intrinsically disordered protein domains, are difficult to reconstruct back to a 
common ancestor of bilaterian or eukaryotes [58].  

Resurrection of reconstructed proteins allow a vertical comparison, which is 
associated with easier identification of residues that contribute to a shift in 
protein function. The GK domain from PSG has previously been subjected 
to ASR analysis. The study showed that GK shares ancestry with the active 
guanylate kinase enzyme. The ancestor of the GK domain and guanylate 
kinase enzyme is a protein with guanylate kinase activity, but a single amino 
acid substitution in the binding pocket allowed evolution of a binding interface 
and new associated function for the GK domain [59]. The amino acid that 
shifted the function was already identified from horizontal comparison of 
GK domains and guanylate kinase enzymes, but a horizontal analysis does 
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not allow the identification of the biophysical mechanism that mediated the 
evolution of the new GK domain function. In the present study (Paper III) we 
reconstruct and resurrect both CRIPT and PDZ3 to deduce if the shift in PBM 
is associated with shift in the binding interface of PDZ3.

A horizontal comparison of 4196 PDZ domains has previously been reported 
from 39 eukaryotic species. MSA of 4196 PDZ domains revealed that six amino 
acids can define the PDZ class. The six identified residues are G330, E334, 
G335, F340, I341 and A343 and the residues are able to identify PDZ type for 
96 percent of all the tested PDZ domains [60]. If we align PDZ3 sequences 
from the selected seven present days species in paper III we find that L. loa 

Figure 17: Ancestral sequence reconstruction.
Overview of experimental setup to investigate evolution of the PDZ3:CRIPT interaction using 
ancestral sequence reconstruction. CRIPT and PDZ3, respectively, were reconstructed based 
on multiple sequence alignments (MSA) and a species tree. In the reconstruction, 309 unique 
sequences of CRIPT from 498 different species and 249 unique sequences of PDZ3 from the 
DLG protein family from 324 different species were included. Sequences were identified in the 
NCBI database by term search and BLAST approach (reference H. sapiens). Sequences were 
filtered (sequence quality considered) and sorted before MSA by use of Python programming 
and manual curation. The alignment and the species tree are the input for ancestral sequence 
reconstruction. Posterior probabilities for the maximum likelihood estimate (ML) of recon-
structed ancestral variants are reported for all 20 amino acids at every position in the sequence.
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PDZ3 has highest sequence variation. Furthermore L. loa only shares one of 
the six amino acids with the six other species. D. melanogaster shares five out 
of six residues with five of the other species, whereas the remaining five species 
share all the six classifying positions. This suggests that PDZ3 from L. loa has 
a different binding mode than those from the other species in the alignment. 
Binding studies with ancestral and present day PDZ3 domains confirmed that 
L. loa has a different binding preference than the rest of the analyzed PDZ3 
domains.  L. loa PDZ3 binds weakly to a CRIPT peptide corresponding to the 
ancestral sequence of Eukaryota, but L. loa PDZ3P335G and PDZ3Q399R, with a 
Gly residue at position  335 or Arg residue at position 399, show 1.7 and 3-fold 
increased affinity for Eukaryota CRIPT. However a significantly increase in 
the affinity was observed for L. loa PDZ3

a3 that increased its affinity with 
8-fold for Eukaryota CRIPT in comparisson to L. loa PDZ3.

Validation of reconstructed ancient proteins is important to support conclusions 
made from ASR analysis. Three common approaches are: site directed 
mutagenesis, Bayesian sampling and the ”AltAll” approach. Site directed 
mutagenesis was used in the first ASR study, but can be time consuming if 
the reconstructed proteins have many ambiguously predicted positions [57]. 
Bayesian sampling is used to reconstruct a set of sequences by sampling 
amino acids over the posterior probability distribution [61]. The set of the 
sequences is then resurrected and assayed to show the distribution of function 
associated with the posterior probability distribution of sequences [62]. Thus, 
Bayesian sampling integrates phylogenetic uncertainty into ancestral inference 
[63]. However, it is necessarily not preferable, as shown in a recent study by 
Eick et al. who compared the different approaches for validation of ancestral 
sequence reconstruction and found that resurrection of ancestral proteins are 
generally robust to uncertainty in reconstructed sequences [64]. They found 
that Bayesian sampling can be biased toward non-functional proteins, because 
reconstruction is not limited to higher probability residues. We choose to apply 
the third approach, AltAll, which is the most time-efficient method. The ASR 
approach proposes the most likely sequence of the ancestral protein based on a 
maximum likelihood (ML) estimation. A protein conserved through evolution 
will result in a reconstructed sequence with low uncertainty at every amino 
acid position. The AltAll sequence represents a “worst case” scenario of the 
reconstructed sequence. All amino acids that have a posterior probability lower 
than 0.8 are substituted with the residue with the second highest posterior 
probability into a sequence denoted AltAll, for alternative sequence with all 
low probability positions replaced. We chose a 0.8 probability cut-off that is 
the standard for AltAll approach [64], but lower cut-offs can be applied to 
introduce more sequence variability between ML and AltAll sequence.
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”Ancestral sequence resurrection, the past is the key to the present” [65]. 
This quotation does well describe the field of enzyme engineering that has 
been advanced by ASR. Reconstructed ancestral proteins often show higher 
stability than the present-day protein they were predicted from, which is 
the general trend in our study too (Paper III). Therefore ASR can be used 
to engineer functional thermostable proteins [66]. ASR studies suggest that 
ancient proteins are more thermostable than present day protein, which 
can be explained by the higher environmental temperature in the past [67]. 
However, the thermostability trend is not smooth over time [68], especially 
in more recent time scale, therefore recent days ancestors will not necessary 
exhibit lower thermostability than ancient ancestors, as thermophilicity can be 
gained and lost during evolution [69]. Most studies report elevated stabilities 
for ancestral proteins, which initiated the discussion whether it is a general 
property of ancient proteins [70] or an artifact by the ASR approach [68, 71]. 
Future studies need to address this, but from a protein engineering perspective 
ASR is a reasonable choice of approach to obtain thermostable proteins.
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Liquid Liquid Phase Separation

Cellular compartments are numerous in eukaryotic cells to organize 
biological matter. The best characterized compartments are separated from the 
surrounding milieu by lipid bilayer membranes. There are also membraneless 
compartments, that have high concentration of proteins and RNA [72],  
formed via LLPS. Compartments formed by LLPS are “energy friendly” in 
comparison to membrane surrounded compartments as they don’t require 
lipid biogenesis and membrane identity maintenance [73, 74]. LLPS is a 
common phenomenon and often observed during crystallization, however, 
it was recently discovered that phase separation is essential for formation 
of membraneless compartments that regulate biological functions and 
activities [75, 76]. The main functions of membraneless compartments are: I: 
concentration of biochemical reactions, II: sequestering harmful components, 
III: storage of biomolecules and IV: signal amplifications [72]. 

The postsynaptic synapse is a compartment with membrane bilayer, 
that below its membrane has a thick [77], electron dense, membraneless 
compartment, known as PSD of excitatory synapse. The PSD contains more 
than thousand different proteins [78], which have been thoroughly identified 
and characterized [79], but the assembly and regulation is poorly described. 
The scaffold protein PSD-95 is one of the most abundant proteins in the PSD 
[80, 81], and it has an essential function to sustain the molecular organization 
of PSD [82]. It was recently discovered that synaptic Ras GTPase activating 
protein (SynGap, isoform a1) undergoes LLPS by binding to PSG from 
PSD-95 [10] thus facilitating a dynamic anchoring mechanism for high 
concentration of SynGap in PSD [83]. Additional to the structural role of 
SynGap it has enzymatic activity and participate in biochemical signalling 
pathways [84]. LLPS were observed both in vitro and in living cells, therefore 
Zeng et al. suggested that phase transition is essential for formation of PSD 
through compartmentalization [10]. It has been a long lasting puzzle [83] why 
neuronal development is sensitive to SynGap concentration [85], isoform [86] 
and why the enzyme is present in such high concentration in PSD. Altogether 
the high SynGap sensitivity, further support the hypothesis that SynGap 
regulates PSD through LLPS formation. Phase separation of PSG:SynGap 
complex is protein concentration dependent [10], and LLPS will only occur 
above a threshold of protein complex that facilitates PSD formation [83].
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Biophysical characterization of the PSG:SynGap complex showed that 
multivalent interactions were essential for LLPS formation [10]. SynGap 
binds to PDZ3 in PSG PSD-95 by a type I PBM, consequently only one 
isoform a1 has the specific binding motif and induces LLPS. Furthermore, 
SynGap cannot undergo LLPS with PDZ3 alone, as interactions outside of the 
binding pocket are required for the high affinity of the PSG:SynGap complex. 
SynGap is present as a trimer in solution, due to intermolecular interactions 
between the coiled coil part of the protein N-terminal, which binds to two 
PSG proteins, thus the stoichiometry of the complex is 2:3 [10]. Multivalent 
interactions are essential for PSD formation through phase separation [87, 88], 
which is supported by a recent study that showed the possibility to reconstruct 
PSD from six highly abundant proteins in PSD, including PSG and SynGap 
[87]. Furthermore, the concentration threshold for PSG and SynGap to form 
LLPS were significantly lowered upon mixing 6 proteins in comparison to 
SynGap and PSG alone [10], which underscores the importance of multivalent 
interactions for compartmentalization of PSD through phase separation. To 
identify new proteins with potential for LLPS, we examined proteins from 
PSD with type I PBM, high affinity for PSG, and high predicted coiled coil 
(CC) content. The C-terminal part of AGRB1 and MTMR2 fulfilled the listed 
criteria, but only full length (FL) CC AGRB1 formed LLPS with PSG (Paper 
V). Phase separation of PSG:FL CC AGRB1 complex were observed by light 
microscopy and quantified by sedimentation and turbidity assay. LLPS is salt 
dependent [89], phase separation of PSG:FL CC AGRB1 complex was not 
observable above 250 mM NaCl, which can be due to competitive inhibition 
of FL CC AGRB1 binding by chloride ions [90]. There are examples of protein 
complexes that form LLPS without coiled content in the protein. Different 
intermolecular interactions have been observed in proteins that induce 
phase separation: oligomerization domain, coiled coil, helix helix, b zipper, 
pi pi, cation anion, dipole dipole and cation pi contacts [72] (Figure 18).

Figure 18: Interactions involved in liquid liquid phase separation. 
Overview of different kinds of intermolecular contacts, which have been observed in liquid 
liquid phase separation. PDB: 5JXC. The figure was adapted from a review in protein phase 
separation [72].
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Oparin et al. proposed that the first step for life was phase separation of 
macromolecules into liquid compartments [91]. Numerous discoveries of
LLPS in cells support the idea. Furthermore it has been proposed that proteins 
associated with LLPS are remnants of ancient structural organization to make 
optimal conditions for chemical reactions, as the droplet formation allows high 
concentration of proteins [92]. A recent study showed that the RNA-binding 
protein Fused in Sarcoma has preserved its phase separation properties to 
avoid pathological liquid-to-solid phase separation [93]. Scaffold proteins are 
highly abundant in LLPS in the PSD, thus making them interesting subjects 
to study the mechanism of origin of life. We study the evolution of PDZ3 
from PSD-95 and show that the protein is highly conserved through evolution, 
as highly expressed proteins evolve slowly to maintain protein stability and 
reduce misfolding [94].
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Protein Folding

How do proteins fold into their native structure in the crowded cellular 
environment? A fundamental question, that researchers have spent the past 
half century to elucidate with a range of methods such as NMR, protein 
engineering, circular dichroism, kinetics and molecular dynamics simulations 
[95]. However many of the studies are limited to small single protein domains, 
thus only present a fraction of the proteome and unlikely to display the true 
folding mechanism in vivo [96]. To address the protein folding problem new 
methods have to be developed to quantify the folding of protein for a broader 
set of proteins under native conditions. Recently a large-scale analysis was 
developed for aggregation-prone proteins, thus quantifying the folding status 
by co-translational inclusion of protease [97]. Another method is optical 
tweezers, that allows observation of translation and folding in real time [98]. 
Expansion of methods to study the protein folding problem will provide the 
framework to understand the connection between protein folding, disease, 
cellular function and evolution [96].

PDZ3 is a model protein, which has been used to elucidate general mechanisms 
of small protein domain folding. Most protein domains fold in an apparently 
two state mechanism with only native and denatured states significantly 
populated (Figure 19A and B). But the folding energy landscape is rugged, 
thus, intermediates accumulate that determine the folding mechanism (Figure 
19 C to F). Kinetic and thermodynamic analysis of five different PDZ domains 
revealed that protein folding is dependent on topology rather than specific 
sequence [99]. At neutral pH PDZ3 has one transition state, but at low pH 
and high Urea a second transition state is revealed. To determine if sequence 
or topology of the PDZ fold drives the folding, the folding mechanism of 
PTP-BL PDZ2 and PSD-95 PDZ3 were compared. Both PDZ domains have 
two transition states, where the second transition state is most similar thus 
emphasizing that protein topology drives protein folding rather than sequence 
[100]. The energy landscape is rugged and modulated by solution conditions, 
mutations and topology of PDZ domain. A third transition state was observed 
under conditions that further stabilized the native state relative to denatured 
state upon elucidating the folding mechanism of SAP97 PDZ2 and PSD-95 
PDZ2 [101]. The mechanism was proposed to be general for all PDZ domains. 
Notable the folding mechanism of PDZ3

Da3 (deletion of C-terminal a3 helix) is 
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Figure 19: Chevron plots and energy diagrams for different folding mechanisms.
A) Chevron plot for protein with two state folding mechanism. Folding rate constant kf can be 
obtained by extrapolating the refolding arm (left) in the chevron plot and unfolding rate constant 
ku can be obtained by extrapolating the unfolding arm (right) in the chevron plot. B) Energy 
diagram at low (blue) and high (red) denaturant corresponding to the simplest case, a two 
state folding mechanism. The energy differences (DGD-N) between native (N) and denatured (D) 
state determine the stability of the protein domain, larger differences thus more stable protein 
domain. C-F) different chevron plots and corresponding energy diagrams, that all deviate 
from the simple two state folding mechanism. C) Chevron plot with rollover at high and low 
GdnCl, suggests denaturant dependent transition state, thus region with several intermediates. 
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similar to PDZ3 [102], even though it has been reported that PDZ3
Da3 is prone 

to misfolding [103] and displays altered peptide binding [15]. Interestingly 
Calles et al. observed different intermediates for PSD-95 PDZ3 e.g. dimer 
under unfolding. However the intermediate states are only observed at 
high protein concentrations, therefore under dilute experimental conditions 
these intermediates will not be visible [104, 105]. They suggested that 
the intermediates are precursors of globular and supramacromolecular 
complexes. Based on these observations all the studies of protein folding 
mechanism carried out in dilute samples can be questioned. However, the 
folding mechanism of PDZ domain family was recently summarized in a 
review. The author suggested that PDZ domains have the capability to adopt 
several conformation in vivo depending on environment and target [106] 
since the PDZ domain family (268 proteins with the same topology) show 
conformational plasticity in vitro as the PDZ domains have different binding 
specificity. 

PDZ3 is part of the supramodule PSG, but the folding mechanism has only 
been studied in isolation as a single domain as described in the previous 
paragraph. Therefore, we analyzed the folding mechanism of the PSG 
supramodule to elucidate if the folding of PDZ3 is affected by the additional 
domains. Few studies have elucidated the folding mechanism of multi-domain 
proteins due to increased complexity of the analysis, and multi-domain 
proteins are generally simplified as “beads on and string” for the folding 
mechanism analysis. A recent study suggested that the folding pathway of 
a multi-domain protein depends on the topology of domain´s interdomain 
interactions, a mechanism that should be beneficial to avoid rapid decrease in 
conformational entropy [107]. Therefore the domains that are cooperative and 
connected by interdomain interactions will fold first followed by the domains 
that are independent and detached from interdomain interactions in the multi-
domain protein. We considered if that was the case for PSG, thus, SH3 and 
GK domain should fold first, then followed by folding of PDZ3 domain, as a 
Rosetta model of PSG suggests interdomain interactions between the SH3 and 

Corresponding energy diagram at low (blue) and high (red) denaturant, illustrate that transition 
states are denaturant dependent. An alternative energy diagram for rollover in both re- and 
unfolding arm is broad transition state. D and E) Forming of “on pathway” intermediate, shown 
by chevron plot with rollover (positive slope) in the folding arm at low GdnCl. D) kIN > kID 
suggest “on-pathway” intermediate, which is confirmed by similar maximal amplitude for 
refolding and unfolding experiment. However “on pathway” intermediate can even be formed 
when kIN < kID (E). The relative “lost” amplitude in refolding experiment can suggest formation 
of intermediate in the burst phase. F) Forming of “off pathway” intermediate. Chevron plot with 
rollover (negative slope) in the folding arm at low GdnCl. As kDN < kDI suggest accumulation 
of stable intermediate “off pathway”. Stable intermediate formed in the burst phase, which is 
supported by the relative “lost” amplitude in refolding (red circles) compared to amplitude for 
unfolding (turquoise circles).
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GK domain [28]. Last steps in the folding mechanism of PSG supramodule 
would then be folding of the Hook domain and the PDZ3-SH3 linker, as these 
subdomains of PSG display large conformational flexibility [28]. However, 
in paper IV we reported that under neutral pH conditions PDZ3 will fold 
first followed by SH3-GK tandem along the folding pathway. A putative off-
pathway intermediate (Figure 19F) was also detected, as deviation from the 
classical V-shape chevron plot was observed (Figure 19A). The rollover in 
the refolding arm can be due to fast folding of the SH3-GK tandem into an 
intermediate, which is suggested to be formed in the burst phase as the relative 
maximal amplitude decrease in the refolding experiment. Fast folding and 
accumulation of the SH3-GK tandem by off-pathway is similar as the above 
described study about folding mechanism for multi-domain protein folding 
[107] and initial speculations for PSG´s folding mechanism. Therefore more 
studies need to be carried out with multi-domain proteins to reveal if topology 
and interdomain interaction between domains affect the order in which domain 
fold first and last. 
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PDZ as Drug Target 

PSD-95 is involved in numerous cell signaling pathways, revealed by its large 
interactome [7] visualized in the STRING database [108]. Hence, PSD-95 
is associated with a list of neurological diseases, e.g., neurodevelopmental-, 
autism spectrum- and depressive disorder [7]. PDZ1, PDZ2 and PDZ3 are 
involved in numerous protein protein interactions (PPIs), thus making them 
potential drug targets to modify the associated diseases. PDZ PPI targeting 
approach has been challenging due to the small binding interface of PDZ 
domain and the large PDZ domain family with low specificity for different 
partner proteins. Dimeric peptide-derived inhibitors for PDZ domains in 
PSD-95 were successfully developed for the PDZ1-2 supramodule as dimeric 
peptides increase affinity, specificity and plasma stability [7, 109, 110]. In 
contrast, PDZ3 inhibitors are restricted to a few lead compounds [111, 112] 
with limited clinical potential. Taken together, the successful targeting of 
the PDZ1-2 supramodule with a dimeric peptide inhibitor suggests that a 
similar strategy can be applied for the PSG supramodule to target the PDZ3 
domain from PSD-95. The advantage of PSG targeting is increased specificity 
and selectivity for PSD-95 among the numerous PDZ scaffold proteins in 
PSD [19]. Revealing the interactome for PSG in PSD among all proteins 
with hydrophobic C-terminal residue showed that PSG has a more specific 
interactome in comparison to PDZ3 (Paper V). PSG binds with high affinity 
to a small set of ligands, whereas PDZ3 reported weaker affinity to several 
ligands. Our peptide screen showed that context affects the PDZ3:peptide 
interaction, which is similar to previous findings that SynGap binds with 15-
fold higher affinity to PDZ3 in PSG than to PDZ3 alone [10]. 

PSD-95 belongs to the large MAGUK family of scaffold proteins [6] (Figure 
8). Most of the scaffold proteins share the PSG core, but they have various 
topology due to the length of the PDZ3-SH3 linker. PSG PSD-95 share 
topology with PSG from PSD-93, SAP-97 and SAP-102 as the four proteins 
arose as the result of two consecutive whole genome duplications in the 
vertebrate lineage approximately 440 million years ago [113, 114]. The high 
sequence similarity among the four proteins make it impossible to selectively 
inhibit one of the proteins, as knock down studies show that the four proteins 
compensate for each other [115, 116].   
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All the above cases modulate protein function by targeting the orthosteric 
binding site. Competitive binding is a common strategy in drug discovery, 
but modulation of protein function by direct targeting of the orthosteric 
binding pocket results in lower specificity and high risk for side-effects. 
Targeting allosteric binding sites is an alternative strategy to reduce the 
risk of side-effects [41] as the allosteric binding site is less conserved 
among proteins in a family [117]. Nevertheless, allosteric drug targeting 
is not a suitable approach for PDZ family as the site is not well defined 
and small [118], with low potential for high affinity of possible ligands.  

A new paradigm in drug discovery is the modulating of protein function 
through LLPS [119]. Scaffolding proteins of the PSD (PSD-95, GKAP, Shank 
and Homer3) form LLPS upon mixing, an enriched condensate of scaffold 
proteins that exchange rapidly between condensate and aqueous solution. 
Specific interactions among the scaffold proteins drive the formation of 
LLPS thus promoting the enrichment of SynGap and NMDA receptors [87]. 
The scaffold proteins are essential for LLPS, as removal of one of the four 
scaffold proteins affects the formation of protein condensate dramatically. Our 
knowledge of LLPS is still limited, but LLPS is a potential drug target in 
PSD as many neurodegeneration proteins can form LLPS. Mutation in the 
SynGap gene is associated with mental retardation. One mutation causes an 
alternative splicing that gives a truncated SynGap protein without binding 
motif [120]. Lack of type I PBM abolish binding of SynGap to PSD-95 and 
its association in LLPS [10]. Further studies with LLPS need to be conducted 
to reveal if it is possible to modulate LLPS in PSD. Common approaches for 
LLPS modulation are: 1) stabilization or destabilization of proteins in LLPS 
by small molecules or 2) post-translational modification of proteins in LLPS 
[121]. 

The common drug discovery approach is limited to proteins with tertiary 
structure, even though more than half of the proteome contains proteins with 
intrinsically disordered regions [122]. Intrinsically disordered proteins (IDPs) 
are highly abundant in membraneless compartments, due to multiple weak and 
specific interactions required for phase separation [123]. However important 
to notice, that compartmentalization by phase separation in PSD is associated 
with multivalent interactions between protein with tertiary structure [124], 
thus without IDPs. Increased interest in LLPS as drug target reflect the limited 
success to target neurodegenerative diseases with common drug strategies. 
Targeting of LLPS presents new innovative opportunities [119]. 
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Future and New Perspectives on the Projects 

In project I we reported that PSG is present in two conformations in solution, 
that bind CRIPT with similar affinity, but with different rate constants. 
Conformation B appeared to have a restricted binding pocket, that we suggested 
to be associated with the dynamics of the SH3-GK tandem. However, we did 
not characterize the interdomain interaction between PDZ3 and SH3-GK. In 
the study CRIPT 6 AA and CRIPT 15 AA were characterized upon binding to 
PSG, however, two kinetic phases were only observed for binding of CRIPT 
6 AA and not CRIPT 15 AA. Therefore, it is possible that the conformational 
equilibrium of PSG, observed upon binding of CRIPT 6 AA, is affected by 
the sequence of the ligand. SynGap binds with high affinity to PSG, but has 
significantly different properties, e.g., induces dimerization of PSG, phase 
separation (Paper V) [10] and intermolecular coupling between domains by 
stabilization of the linker between PDZ3 and SH3 [130]. Therefore, it will have 
been interesting if we had performed the same set of experiments with peptide 
derived from SynGap to analyze if the conformational equilibrium of PSG 
is affected by sequence of peptide. Elucidating further detail about the PSG 
conformational equilibrium could have been done by detailed characterization 
of PSG mutants. In paper II we characterized PSGG335A, that appeared to 
have only one major conformation of PSG upon binding of CRIPT 6 AA. 
The mutation is located in the b2b3 loop region, which is reported to interact 
with the SH3 domain [28]. All together our data suggests that the dynamic 
conformational equilibrium of PSG is affected by interdomain interactions 
and sequence of ligand, but further studies are needed to reveal the details. 

Kinetic heterogeneity was observed upon binding of CRIPT 6 AA to PSG, 
which we suggested to be due to two conformations of PSG, however the 
kinetic heterogeneity could also be due to a proline switch. A proline switch 
will give two conformation, so this is consistent with what we say in paper I. 
The construct of PSG used for all the kinetic analyses has 15 proline residues: 
one in the linker to H5 tag site, three in PDZ3, one in the PDZ3-SH3 linker, 
one in SH3, seven in GK and two in the C-terminus. In project IV, indications 
of a cis-trans proline isomerization was observed upon refolding of PSG and 
SH3-GK. Most proline residues are found in trans configuration in the native 
conformation of the protein, but under denaturing conditions around twenty 
percent of the prolines are in cis configuration [131]. We reported that the 
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two conformations of PSG have similar affinity for CRIPT 6 AA, but the 
conformations modulate the association and dissociation rate constant (Paper 
I). In a recent study, the nuclear coactivator binding domain of CBP was 
characterized upon binding to its binding partner [132]. The kinetic analysis 
showed that the nuclear coactivator binding domain of CBP is present in two 
conformations at equilibrium, which modulate association and dissociation 
rates. The two conformations of the protein were explained by a proline switch; 
hence 25 percent of the structures were found in the cis-conformation. To 
support the hypothesis of proline isomerization, a variant of the protein with 
Pro to Ala substitution was tested. The mutated protein reported only single 
exponential binding kinetics, suggesting that the heterogeneity in binding of 
nuclear coactivator binding domain of CBP is due to proline isomerization 
that induce a conformational switch. To test if the two conformations of PSG 
observed upon binding of CRIPT 6 AA is due to cis-trans isomerization, we 
could apply the same approach as described above and substitute every Pro 
residue with Ala. If the binding of CRIPT 6 AA can be described by single 
exponential kinetical analysis for a single Pro to Ala substitution it will suggest 
that the two observed conformations are due to proline isomerization. The same 
approach can also be applied to test the basis for the slow refolding phase in 
PSG. Proline cis-trans isomerization have previously been reported in single 
[134] and multi-domain [135] protein from the SH3 family. A supramodule 
from Crk contains two SH3 domains that are tethered by a 50 amino acid 
linker, which has a proline residue in the linker that interconvert between cis 
and trans conformation [135]. At equilibrium, the cis-conformation of the 
supramodule dominates, which is autoinhibited by interdomain interactions 
that prevent ligand binding to N-terminal SH3. A small fraction is found in 
the elongated trans conformation that allow binding of ligand to N-terminal 
SH3. Upon ligand binding the equilibrium is shifted to the trans conformation. 
Autoinhibition of protein activities is common, however, most are reported 
to be regulated extrinsically, e.g. through post-translational modification, 
whereas the autoinhibition of the supramodule from Crk is intrinsic through 
cis-trans isomerization. No full length structure of PSG PSD-95 is available, 
but it has been suggested from NMR data and crystal structures of isolated 
domains that PSG has a compact structure with interdomain interactions in 
the apo state [28], whereas the structure is elongated upon ligand binding to 
PDZ3 as interdomain interaction between SH3 and PDZ3 is disturbed [28, 
130].  Another approach could be to characterize the binding of CRIPT to 
PSD-95 paralogs, which has been done previously for the SynGap derived 
peptide. The study used NMR to show that PSD-95 and PSD-93 undergo 
ligand induced conformational coupling between PDZ3 domain and SH3-
GK tandem, noticeable it was not observed for SAP-102. Ligand induced 
conformational coupling was observed for CASK and PALS1, thus suggests a 
common mechanism for several MAGUK proteins [130].
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Equilibrium unfolding of PSG and SH3-GK domain in acidic conditions 
showed that the SH3-GK tandem has a midpoint around 3M GdnCl, whereas 
under basic and neutral conditions the midpoint of SH3-GK tandem was below 
2 M GdnCl. However, the kinetic analysis of PSG was not possible under 
acidic conditions, as the data were too complex for analysis. Kinetic analysis 
revealed that unfolded PDZ3 traps SH3-GK in an unfolded conformation 
under neutral conditions. This is reported by the pronounced rollover when 
both PDZ3 domain and SH3-GK tandem are denatured before refolding, as the 
productive folding at low denaturant concentration is slowed down. However, 
in mild denaturant condition PDZ3 retains its native conformation and has a 
minimal effect on the refolding of SH3-GK tandem, as shown by the similarity 
to folding of SH3-GK tandem alone. The mild denaturation approach has been 
used previously for the PDZ tandem supramodule in Whirlin, which showed 
that the misfolded intermediate was functional and could bind peptides [21]. 
The authors speculated whether the functional misfolded intermediate is a 
general feature of PDZ supramodules to increase the number of structures for 
protein:protein interactions, even in the presence of mechanical unfolding. 
However it is not known if PSG can bind ligands in its misfolded conformation 
or how mechanical forces affect the shape and function of PSD [136, 137] 
as Whirlin is present in hair cells that transform mechanically energy into 
electrical signal that allow us to hear [138]. 

Ancestors of PDZ3 and CRIPT were reconstructed, resurrected, expressed 
and purified to examine if and when the PDZ3:CRIPT interaction was lost, 
as several present days species lack the type I PBM in CRIPT. However we 
could also have used the ASR approach to study a protein protein interaction 
that gain function, as has been carried out previously for the GK domain 
in Dlg4 (PSD-95 in H.sapiens). Anderson et al. reconstructed, resurrected, 
expressed and purified the GK domain to deduce how the scaffold protein has 
evolved from an ancient GK enzyme [59]. Amino acid substitutions in the 
binding surface of GK allowed evolution of a new protein function, which is 
essential for cell adhesion, and structural organization of PSD in multicellular 
animals [6]. To study the gain of function as LLPS, SynGap would have been a 
better choice as the isoform a1 only seems to be present in mammalian species 
and are required for LLPS upon binding to PDZ3 [10]. Ancestral sequence 
reconstruction and resurrection were used to examine the dependence of 
binding motif for the PDZ3:CRIPT interaction. We showed that PDZ3 has 
preference for type I PBM (exception L. loa). PDZ3 domains from ancestral 
and present-day species does not bind their native CRIPT if the type I PBM 
is lost. Interestingly, PDZ3L.loa has novel amino acid substitutions that can 
explain the reduced binding affinity for CRIPT with type I PBM. Furthermore, 
we found that one out of five weak PDZ3:CRIPT interactions can  increase 
its affinity by 10-fold upon a3 helix extension (PDZ3L.Loa:CRIPTEukaryota), 
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which underscores the importance of a full-length a3 for apparently weak 
PDZ3:ligand interactions [10].

The PDZ3:CRIPT interaction seems to be dependent of the type I PBM for 
all present days species and ancestors, as the affinity decreases significantly 
when the type I PBM is absent, which suggest that the interaction is lost 
in present-day species evolved from the Hexapoda node. However, it is 
important to notice that all studies are done in vitro in dilute solution. Is the 
function of a weak interaction affected by the cellular context? In a recent 
study performed in semi-native environment a PDZ:ligand interaction 
increased 100-fold in affinity in comparison with in vitro experimental data 
[139]. Therefore, it will be interesting to study the PDZ3:CRIPT interaction 
in a cellular context to reveal if the lost/weak interaction reported from L. loa, 
D. melanogaster and D. ponderosae will affect the function of the interaction 
in vivo. The homologous protein Sap97 PDZ3 was recently investigated in 
vitro and in vivo upon binding to CRIPT in the worm C.elegans. Mutation of 
P0 residue in CRIPT removed the type I PBM, which prevented PDZ3 pull 
down, suggesting that the Sap97 PDZ3 cannot bind to CRIPT without type I 
PBM [8]. Furthermore, it was shown that CRIPT promotes dendrite growth 
by triggering Sap97 to traffic AMPA receptors and Glutamate A1 subunits to 
the extracellular membrane. Nevertheless, it was still reported that CRIPT 
indeed promotes dendrite growth in C. elegans, which has a CRIPT without 
a type I PBM. Therefore the authors suggested that the biological actions of 
CRIPT on dendrite growth could be partially independent of the PDZ3:CRIPT 
interaction [8]. Our findings showed how a protein-protein interaction can 
undergo dynamic evolution with possibility for loss of interaction, thus 
supports previous finding that PDZ3:CRIPT interaction through type I PBM 
recognition is not important for physiological function in these species [8].

PDZ and CRIPT were reconstructed, resurrected, expressed and purified to 
examine the evolution of the complex, however it will have been even more 
interesting to reconstruct and resurrect the PDZ3:SynGap interaction due to 
its associated function in liquid liquid phase separation [10]. Phase separation 
is linked to PSD formation [10] and organization for cellular compartments 
without lipid membrane barriers [73], therefore ancestral sequence  resurrection 
and reconstruction could be interesting to do for PSG:SynGap complex, then 
it may be possible to reveal if the complex is essential for PSD formation at 
the bilaterian node, the ancestor of all species with nervous system [140]. 
Ancestral sequence reconstruction has previously been used to study Fused 
in Sarcoma protein that undergo phase separation. The study showed that 
natural selection stabilized the liquid forming potential of the protein [93]. 
The C2 and RASGap domains from SynGap have been resurrected [141], 
however not the coiled coil domain of SynGap that is required for LLPS 
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and binding to PSG. Dlg proteins originated in unicellular organism prior to 
multicellular life [142], therefore before acquisition of neural like cells. Since 
the time of SynGap’s origination is more recent [142], it raises the curiosity, 
when did the PDZ3:SynGap interaction evolve and is it associated with the
formation of neural like cells? Four isoforms of SynGap is present in H.sapiens 
as consequence of genome duplications, but only a1 isoform with a type I PBM 
binds to Dlg4 (PSD-95) [10]. SynGap was absent in the metazoan ancestor 
[142], however, it is not revealed in which isoform, but MSA suggests that 
isoform a1 is only present in mammals.

Before the work of this thesis was initiated the allosteric mapping in PDZ3 
had only been done in the isolated domain. Therefore we mapped the allosteric 
network in PDZ3 in its supramodular context together with the SH3-GK 
tandem and found that interdomain interactions in the supramodule affected 
the allosteric network in PDZ3. Our findings suggest that the allosteric 
network is sensitive to perturbation from adjacent domains, which can have 
general implications for elucidating and characterizing allosteric networks 
in single domains present in supertertiary structures. However, the study of 
PDZ3 allosteric network in the presence of the SH3-GK tandem is only one 
small step closer to the complex and concentrated cellular environment in 
vivo. Does the allosteric network of PDZ3 have any cellular implications or 
is it just a biophysical concept present in a dilute environment? The allosteric 
network in a protein domain has not been mapped in a cellular environment 
due to experimental difficulties. Approaches that have the potential to move the 
frontiers of allosteric network research are: 1) An in silico approach e.g. rigid 
residue scan, molecular dynamic simulation (Figure 11) studied in simulated 
crowded cellular environment instead of force field [143]. 2) Supported cell 
membrane sheet that allows study of protein:protein interactions in semi-
native environment, but the approach has its limitations as one protein need 
to be anchored to the cell-membrane, which neither PSG or CRIPT are [139]. 
AGRB1 is anchored to the cell membrane, however it is not shown if it induces 
allosteric response in PDZ3 upon binding. 3) Combine the previously used 
NMR approach [15] (in solution) for allosteric mapping with in cell NMR 
[144]. 

We found that the C-terminal fragment of AGRB1 undergoes LLPS upon mixing 
with PSG, which is similar as previously observed for SynGap [10]. Therefore 
we speculated if the PSG:AGRB1 complex undergoes compartmentalization 
by phase separation to anchor PSD to the  membrane bilayer. However the 
phenomenon phase separation has divided the biology field, in a recent feature 
article the question was raised, “sloppy science or groundbreaking idea” [145]. 
Phase separation may answer fundamental questions about cells organization 
of contents, but the methods are limited to study phase separation. To support 
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our hypothesis, further experiments need to be performed: 1) reconstitute PSD 
with several proteins including AGRB1 to test if the concentration threshold 
can be decreased for phase separation of PSG:AGRB1 complex, as previously 
reported for PSG:SynGap complex [87] and 2) visualize the clustering of 
membrane protein (AGRB1) at 2D supported lipid bilayer to characterize 
the LLPS formation of PSG:AGRB1 complex [73]. If further in vitro 
characterizations of PSG:AGRB1 complex corroborate  the initial observations 
for phase separation of the PSG:AGRB1 complex, then we can speculate 
about the biological function. Neuronal cells are sensitive to the concentration 
of SynGap, which has been linked to the formation and compartmentalization 
of PSD through the concentration dependent phase separation of PSG:SynGap 
complex. The finding that AGRB1 phase separation is concentration dependent 
too and maybe associated with PSD assembly and compartmentalization, 
might help explain why low levels of AGRB1 is associated with cell death 
and Parkinson’s disease [146]. LLPS research has gained increased attention 
the last couple of years due to the numerous findings of membraneless 
compartments with significant biological relevance. Nevertheless, we always 
need to keep in mind, when we observe new protein compartments driven by 
LLPS, is the in vitro observation also biologically relevant [73]? Mechanisms 
behind LLPS are still scarce and methods for characterization are limited. 

All the performed binding and folding studies in this thesis are studied in 
dilute protein samples, even though PSD-95 is located in liquid droplets with 
high concentration of proteins. Is the stability, folding and binding mechanism 
of PSG affected by its association in liquid droplets. Further studies need to 
reveal that, but we speculate that it might be, as phase separation of SynGap 
or AGRB1 and PSG is sensitive to choice of buffer. The suggestion that the 
characteristics of PSG, e.g., folding mechanism, binding, stability etc., will 
be affected by association of PSG in liquid droplets is supported by recent 
studies. A model peptide undergoes peptide folding upon LLPS due to 
intermolecular stacking interactions [147]. PSG can undergo dimerization 
and multimerization upon SynGap binding, but the dimer conformation is 
favorable in dilute solutions [130]. Furthermore the major cellular energy 
metabolite ATP has been shown to induce protein folding, inhibit aggregation, 
increase stability and dissolve LLPS by specific binding [148]. Altogether the 
content of the thesis revealed differences in the binding mechanism, allosteric 
network, phase separation and folding mechanism for single domain PDZ3 
and multi-domain PSG. Further studies need to reveal if the characteristics of 
PSG are similar in a dilute and dense protein context.   
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Concluding Remarks 

The content of the thesis has contributed a functional perspective of the 
context (multi-domain protein, solution) on the stability, allosteric network, 
folding and binding profile for a single protein domain in supramodule. 
Previously, multi-domain proteins such as PSG were considered “beads on 
a string”, a model where the PDZ3, SH3 and GK domains were described 
as functionally independent domains and therefore the protein domains were 
studied in isolation [19]. Studies from the last decade have shown that the 
PSG supramodule has functions that are distinct from functions of isolated 
domains, for example, SynGap binds with high affinity only to PSG, but not 
PDZ3 and binding of peptide to PDZ3 induces conformational change in 
SH3-GK tandem that facilitates ligand binding [5, 10, 149, 150]. Altogether, 
the findings in the thesis show how binding energy landscape, interactome, 
allosteric network, folding mechanism and phase separation are dependent on 
the context, which suggest that we need to be careful in interpretation of data 
obtained from isolated domains in multi-domain proteins.
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