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Abstract
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Proteins present at the synapse need to be multitasking in order to perform all vital functions
in this limited space. In this thesis I have analyzed the function and evolution of such proteins,
focusing on the PDZ domain and the paralemmin family. The PDZ domains bind to a wide
variety of interaction partners. The affinity for each partner is regulated by residues at the binding
site, but also through intradomain allostery. How this intradomain allostery is transferred to the
binding site is not established. I here show that side chain interactions can explain all transfer of
intradomain allostery in three analyzed PDZ domains. A circularly permuted PDZ domain has
an identical set of amino acids as the original protein and a very similar structure with only a
few perturbed side chains. By using the circular permutant I show that a slight alteration in the
position of a side chain leads to a corresponding change in allosteric signal. I further study the
folding of several PDZ domains and show that they all fold via a conserved folding mechanism,
supporting the notion that the final structure has a part in deciding folding mechanism. The
folding mechanism of the circularly permuted PDZ domain is conserved compared to the
original protein illustrating how circular permutations can be tolerated through evolution. The
multifunctionality of paralemmins probably lies in their highly flexible structures. I have studied
the evolution of the paralemmins and found that the four mammalian paralemmins arose in the
two whole-genome duplications that occurred early in the vertebrate evolution. The fact that all
four paralemmins have survived evolution since the gene duplications suggests that they have
important functions, possibly in the development of the nervous system. Synaptic proteins are
crucial for many biological processes, and their misfolding implicated in many diseases. The
results presented here shed light on the mechanisms of action of the synaptic proteins and will
help us to understand how they generate disease.
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Introduction 

In the nervous system, the synapse is responsible for the transfer of signals 
from one nerve to another. This is accomplished through complex arrays of 
connected proteins at the synaptic membrane, known as the synaptic density. 
The proteins at the synaptic density are often multi-functional, and capable 
of binding to several different protein targets. This is important as the syn-
apse is limited in size but needs to perform several functions. The structure 
of each protein largely controls the processes that it can be involved in. For 
example, the loss of the native structure can interrupt binding, and switching 
between two structures can allow a change of binding partner. Fine-tuning of 
binding can be achieved by smaller changes in the amino acid sequence. 
 
Two groups of proteins common at the synaptic density are the PDZ do-
main-containing proteins and the paralemmins, which are both the subject of 
this thesis. The PDZ domain is a well-studied, compactly folded protein-
binding domain with several known interaction partners. The paralemmins 
are a family involved in membrane dynamics with highly flexible structure 
and their mode of action is still to be discovered.  

 
I used the stopped flow technique to study the kinetics of folding and bind-
ing of the PDZ domains. This analysis revealed that small changes in the 
amino acid sequence sometimes lead to large effects on protein folding and 
protein binding. Important insight into protein function can also be gained by 
comparison of genes with orthologs in related species. By comparing the 
paralemmin family genes in different animals, I have identified evolutionari-
ly conserved regions of the genes likely to have important function, which 
will be important targets of future study. 
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Protein folding 

Protein folding is one of the many complex mechanisms in the cell that must 
function in order for the cell to perform all its tasks. Most proteins will natu-
rally fold into the correct native structure, but some aggregate-prone proteins 
need chaperones to fold correctly. Large proteins are usually built up of 
structural domains, which fold individually. This speeds up the folding pro-
cess by reducing the amount of possible residue interactions (1). Despite 
considerable effort, the mechanisms behind folding of domains are not com-
pletely understood. In this thesis I have compared the folding of structurally 
similar domains to try to illuminate the determinants of the folding process.  

The different states of protein folding 
The driving force behind protein folding is energy reduction. During the 

folding mechanism the protein will, however, have to pass states with 
higher energy, known as transition states. The more energy these transition 
states have the slower the folding process will be (Fig. 1A). The bigger the 
energy difference between the unfolded and folded states, ΔG, the more 
stable the fold will be. The most simple protein folding mechanism is a di-
rect pathway from denatured to native state via only one transition state 
(Fig. 1A) referred to as two-state folding. However, folding mechanisms 
are usually more complex. They can involve high-energy intermediates that 
are not present at equilibrium and therefore are difficult to detect or, alter-
natively, low energy intermediates that are more stable and might exist also 
at equilibrium (Fig. 1B).   

 
The amino acids folded into native-like structure in the transition state make 
up the folding nucleus in the nucleation-condensation mechanism (2). The 
folding nucleus often consists of hydrophobic residues buried in the final 
structure (3). Amino acids in the folding nucleus are usually not evolutionary 
conserved (4) and it has been shown that two proteins with similar structure 
and folding described by similar energy diagrams can still have different 
folding nuclei (5).  For some proteins, secondary structure elements form 
first and dock upon formation of the native structure in a mechanism called 
diffusion-collision (6). Within a domain family, there can be a slide from 
nucleation-condensation to diffusion-collision (7).  
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Figure 1. Energy diagrams of protein folding. A stable protein fold has less free 
energy than the unfolded state. The larger the difference between the energy of the 
denatured and native state, ΔGD-N, the more stable the fold is. The rate of folding, kf, 
is dependent on the energy difference between the denatured and the transition state, 
ΔGf. The same holds for unfolding. A) The simplest folding mechanism is described 
by a two state folding. The denatured protein folds via a transition state high in en-
ergy to a native state low in energy. B) A more complex folding pathway where the 
protein has to pass several transition states and both high and low energy intermedi-
ates during the folding process. The low energy intermediates might almost be as 
stable as the native protein fold. 

Protein misfolding 
Proteins that do not fold in the way they are supposed can be highly damag-
ing to the organism containing them. This can be exemplified by diseases 
such as cystic fibrosis, Alzheimer’s disease and Parkinson’s disease, which 
all are caused by protein misfolding. The misfolding can have several poten-
tially deleterious outcomes. For example, protein degradation can occur be-
cause the protein is no longer recognized by the cells recognition system, or 
alternatively, a distortion of protein interactions, or deposition of insoluble 
aggregates in the cell could occur.  
 
The folding mechanism has evolved to function correctly if deleterious ex-
ternal stimuli or abnormal mutations are avoided. However a single mutation 
might be enough to cause a protein to misfold. Possible reasons for such a 
misfold could be the stabilization of an intermediate such that it becomes the 
predominant fold or hinders the folding to the native state in some way. A 
more complicated folding scheme may therefore contain steps that are prone 
to errors caused by mutations. For a complicated folding mechanism a great 
variety of mutations can cause misfolding and the same misfolding disease. 
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In diseases with late onset, a slight shift to a more stable intermediate might 
lead to an earlier onset of the disease. 

Evolution of protein folding 
Recent advances in structural generations and predictions have led to a sub-
stantial amount of known structures that can be aligned. Previously, the pre-
dominant way to analyze the evolutionary relationship between two proteins 
was through amino acid sequence alignments. Now it is known that protein 
structures are more conserved in evolution than amino acid sequences (8) 
and several examples of proteins with similar structures but no resemblance 
in amino acid sequence have been found (9, 10). This is possibly due to a 
more limited number of possible structures that have stable folding mecha-
nisms compared to the number of functional amino acid sequences. Evolu-
tion has optimized stable folding mechanisms so that they are able to tolerate 
many mutations without deleterious effects. In the evolution of protein fold-
ing there will, however, always be interplay between an optimal function and 
an optimal folding. In some cases it is necessary for a protein to exhibit 
suboptimal folding process in order to retain its function. Such proteins are 
referred to as frustrated (11, 12). Due to the importance of amino acids in the 
binding site fewer mutations are tolerated there, hence frustration is often 
localized to the binding site (11).To minimize the risk of misfolding, protein 
evolution will strive after minimal frustration (11). 

Circular permutations in evolution 
A circularly permuted protein has a change in secondary structure connec-

tivity compared to the original protein. This is achieved by moving second-
ary structure elements from one terminal to the other (Fig. 2).  

 

Figure 2. Example of the change of secondary structure connectivity in a circularly 
permuted protein.  
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Structure alignments have shown that circular permutations are common in 
evolution. 14% of all structures deposited at PDB have at least one circularly 
permutated homolog (13). There can be at least two reasons for this; the first 
is that circular permutants are tolerated (the circular permutation does not 
make changes in the structure nor does it make the protein misfold) and 
hence if a circular permutant is generated there is no selective pressure 
against it; the second is that it might actually improve the protein folding of 
the particular protein, hence the circular permutation might actually be ad-
vantageous and will be positively selected during evolution.  

Secondary structure connectivity in protein folding 
By generating engineered circular permutants, it has been shown that, in 
general, they fold to the native structure and create a functional protein (14–
19). There are, however, limited segments of residues, referred to as folding 
elements, within which the terminals of the circular permutant cannot be 
located and still create a foldable protein (20). The structure generated from 
crystallization of a circularly permuted protein in my paper II supports this 
view, since the peptide backbone is almost perfectly superimposable onto the 
native protein, with only minor alterations in side chain positions, and it still 
binds a peptide mimicking the native target (21).  
 
A conserved structure does not imply a conserved folding mechanism. The 
folding mechanisms of engineered circular permutants have been studied in 
a handful of cases. Most of these suggest a change in the folding mechanism 
to a more complex one (14–17), which may even include additional low 
energy intermediates (18, 22, 23). In only one case does the folding mecha-
nism remains the same (19). 
 
From an evolutionary perspective, one would assume that the native folding 
mechanism is a good one. From the discussion above where engineered cir-
cular permutants in general exhibit more complex folding mechanisms, it 
seems reasonable to assume that the folding pathway had been optimized in 
the native protein and that the engineered circular permutation distorted the 
mechanism. In some proteins, however, a perfect optimization may not be 
possible due to frustration, and in other cases, evolution have not found the 
optimal folding process. It is also possible that a circular permutation is in-
troduced that does not improve folding but neither makes it so poor that it 
will be selected against.  
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Folding in PDZ domains 
PDZ domains are usually present in multiple copies in multi-domain pro-
teins. They are primarily involved in protein-protein interactions. Few fold-
ing processes are as well studied as those of the PDZ domain. All PDZ do-
mains have very conserved structures, but not perfectly conserved folding 
pathways. For instance, the second PDZ domain of PTP-BL, PTP-BL PDZ2, 
folds without any low energy intermediates (18, 22), while SAP97 PDZ2 has 
low energy intermediates (24). The early folding nucleus has been shown to 
differ between PTP-BL PDZ2 and PSD95 PDZ3 (5). Despite these differ-
ences, similarities in the compactness of the transition states for folding 
could be shown for PDZ domains that fold without low energy intermediates 
(25).  

Folding of circularly permutated PDZ domains 
There is a naturally occurring circular permutant of the mammalian PDZ 
domains in the green alga Scenedesmus obliquus called D1pPDZ (26, 27), 
where the N-terminal beta strand has been moved to the C-terminal. The 
folding of this D1pPDZ was found to have a low energy off pathway trap, 
i.e. a folding generally not considered being optimal. If this is due to re-
straints in the binding site that makes optimal folding difficult or that evolu-
tion has not been forced to improve the folding cannot be answered without 
for instance analyzing if the mammalian secondary structure connectivity 
would result in a functional protein with a more optimal folding. This has 
not yet been done. However the opposite has been done. A mammalian PDZ 
domain has been engineered to have the same secondary connectivity as the 
green alga one. This was first done for PTP-BL PDZ2 (18, 22) which got a 
more complex folding mechanism upon circular mutation and then by me for 
SAP97 PDZ2 (paper II, discussed later).  

Experimental analysis of protein folding  
The difficulty in studying protein folding lies in that it often happens so fast. 
A fast folding protein can fold completely in milliseconds. Techniques that 
can study this process include kinetic measurements with stopped flow or 
temperature jump and NMR. There are advantages and draw backs of each 
method. The analysis in this thesis is based on kinetic measurements from 
the stopped flow technique.  
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Analysis of folding kinetics by stopped flow 
Folding (or unfolding) is induced in a stopped flow by rapidly mixing two 
buffers in which the protein has different stabilities, such as different con-
centrations of urea. Most proteins are unfolded in a high concentration of 
urea but folded in a lower. The fluorescence change upon folding (or unfold-
ing) is measured with time. A fluorophore is likely to have a different fluo-
rescent depending on if it is buried in the protein core or exposed to the sol-
vent in an unfolded state. In this thesis, the fluorophore has been a trypto-
phan in the domain. By fitting the curve resulting from the fluorescence 
change to an exponential function the observed rate constant, kobs, can be 
obtained. A protein can have more than one folding phase. The number of 
folding phases the studied protein has determines which type of exponential 
curve is applicable. In our case, in paper II with the circular permutant of 
SAP97 PDZ2, a double exponential equation with two observed rate con-
stants gave the best fit (eq. 1). 

 
!". 1:  !"#$%&'(&)(& =   !   +   !1 ∗ !"#(−!!"#!!) +   !2 ∗ !"#(−!!"#!!)  
 

A plot of log kobs versus urea concentration, referred to as a chevron plot, 
will have a V-shape if the protein folds via a simple two state mechanism 
without any intermediates (Fig. 3A). The bottom of the V represents the 
midpoint where half of the domains are folded and half are unfolded. The 
position of this midpoint along the X-axis gives information about the stabil-
ity of the protein. Folding involving high-energy intermediates, hence more 
than one transition state, can be detected as rollovers in the arms of the chev-
ron plot (Fig. 3B). The reason for this is that the rate limiting transition state 
(the transition state that has the highest energy) changes. At low urea con-
centration, where the rollover can be detected, transition state 1 is rate limit-
ing. At mid-urea concentration, transition state 2 is rate limiting and at high 
urea transition state 3 is rate limiting. Each transition state is associated with 
a V shape with different slopes. The chevron in Fig. 3B can be thought of as 
three different Vs representing each transition state and visible when that 
transition state is rate limiting. From the slopes of the arms in the chevron 
plot one can get information about the compactness of the transition states. If 
a transition state is very similar to the native state then the V looks more like 
an L (Fig. 3C). If the protein folds with more than one phase, the chevron 
will have two curves (Fig. 3D).  
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Figure 3. Chevron plots. A. Chevron plot of a two state folding protein with corre-
sponding energy diagram inserted in grey. The folding rate constant, kf, can be ob-
tained by extrapolating the refolding arm of the V and the unfolding rate constant, 
ku, by extrapolating the unfolding arm. B. Chevron plot of a protein folding with 
high energy intermediates and corresponding energy diagram inserted in grey.  
Changes in rate limiting transition state causes rollover at low and high urea concen-
trations. C. Chevron plot from a protein with two visible kinetic phases. D. The 
slopes of the arms depend on how compact the transition state is. In black is a chev-
ron plot for a two-state scenario with a transition state similar to the unfolded state 
and in gray dashed is one with a compact transition state similar to the native state.  

Double jump 
A lot of information can be obtained through a chevron, but if the folding 
mechanism is more complicated, great help in interpreting the results can be 
gained by a double jump experiment. A double jump experiment is also per-
formed on the stopped flow, but in two steps. After the first mix, the refold-
ing (or unfolding) is interrupted after various times by a second mix, which 
will unfold (or refold) the protein again. Plotting the amplitude of each phase 
against time gives information about the amounts of the different folding 
species, native/intermediates/denatured, available at each time point during 
the folding process.  

What have I shown? 
In two of my papers I have looked at the folding of PDZ domains and how 
differences between them or engineered differences affect folding.  
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Paper I 
High-energy protein folding intermediates are difficult to detect since they 
are only transient and not present at equilibrium. Hence they can only be 
detected in the transition from unfolded to folded protein by analyzing tran-
sition states and even then are easy to miss. The chevron plots of PDZ do-
mains, which fold with only one phase (i.e. without low energy intermedi-
ates) could previously be fitted rather well to two conserved transition states 
in terms of compactness (25). In paper I we add additional PDZ domains and 
improve this fit by including an extra transition state less folded than the 
previously detected ones, i.e. 3 transition states in total. In this paper PDZ 
domains that fold via two phases can also be included since analyses show 
that one of the phases corresponds to that of the single phase of other PDZ 
domains. We refer to this phase as the main phase since, at all times in the 
studied PDZ domains, it has the highest amplitude, i.e. most of the folding 
will occur along this way. The second phase is not at all analyzed in this 
paper.  

 
PDZ domains have a conserved 3D structure but rather different amino acid 
sequences, hence it is likely that either the final fold or a few conserved ami-
no acids determine the folding process. The amino acid sequence in the early 
folding nucleus, i.e. parts that are folded in the early transition states, was 
shown not to be conserved for two PDZ domains, while the late transition 
state was conserved (5, 28). It therefore seems to be local motifs that deter-
mine which part of the amino acid sequence starts to fold first. Some of the 
investigated PDZ domains fold via a low energy intermediate while others 
do not. This seems also to be dependent on the sequence at local motifs ra-
ther than the final structure or the conserved motifs, this belief is supported 
for instance by recent advances in protein structure design (29). However, 
when it comes to how compact the PDZ domain is at the respective transi-
tion states then the final structure or few conserved residues seems more 
important. A conserved folding mechanism, but with varying amounts of 
intermediates formed, can describe the folding process for most structurally 
similar domains (30–32) but there are examples where this is does not hold 
(7). It is suggested that conserved folding mechanisms are due to a more 
restricted number of possible folding pathways (33).  

Paper II 
An engineered circular permutant of PTP-BL PDZ2 with the same secondary 
structure connectivity as in the green alga PDZ domain, D1pPDZ, was pre-
viously shown to have a more complex folding mechanism than the native 
PTP-BL PDZ2 (18, 22). PTP-BL PDZ2 folds following a rather simple 
mechanism without any low-energy intermediates using only the conserved 
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mechanism for all PDZ domains that we showed in paper I. SAP97 PDZ2 
has, in addition to the shared PDZ folding pathway, a pathway with a low 
energy intermediate (Fig. 4). Hence this pathway might not be as evolution-
ary optimized in terms of folding (or optimization might be difficult in order 
to retain function). Is it possible that creating the same circular permutant as 
for PTP-BL PDZ2 (i.e. the native green alga D1pPDZ topology) will not 
make the folding pathway more complicated for SAP97 PDZ2? 
 

 
Figure 4. The folding pathways of the PDZ2 
domain of SAP97 do not change upon circu-
lar permutation. The main phase (grey) is 
shared with other PDZ domains (paper I).  

 
 
 
 
 
 
 
 

 
Indeed our results show that the folding pathway remains the same for the 
native and circular permutant of SAP97 PDZ2. This illustrates that not all 
engineered circular permutants get a more complicated folding pathway. 
This both illustrates that several circular permutations can be tolerated and 
hence can help explain the high occurrence of circular permutants through-
out evolution (13). It is also possible that not all PDZ domains have the same 
optimal circular permutant with respect to folding. Even though I wrote ear-
lier that circular permutation is common in evolution, all vertebrate PDZ 
domains have the same secondary structure connectivity (to the best of my 
knowledge). In my section about paralemmins and evolution I explain that 
after the two rounds of genome duplication the redundancy of genes allows a 
faster mutational rate and the development new functions. This was im-
portant for the following rapid evolution of complex structures like the brain 
and vertebrate. I.e. a lot have happened to the PDZ domain sequences since 
the time of the genome doublings but no circular permutation is likely to 
have occurred. The changes in sequence have in some cases generated sim-
ple and some cases a more complex folding mechanisms. Our results suggest 
that perhaps circular permutation could be beneficial in cases of complex 
folding mechanisms.  
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Future perspectives 
My results have shown that proteins with a shared 3D structure but with 
different primary structure have a conserved folding pathway from denatured 
to native state. I also showed that secondary structure connectivity does not 
always have an effect on protein folding. 

 
The understanding of protein folding has come a long way since the start and 
at the results from the Critical Assessment of Structure Prediction (CASP) 
show that it is today possible to predict the structure if the structure of evolu-
tionary similar proteins are already solved, and where a closer evolutionary 
relationship gives a better result (34–36). Without evolutionary similar pro-
teins (template free modeling) some small proteins can be predicted with 
rather good quality (29, 34–37). Large improvements are however needed in 
order to predict the structure of all proteins present in for instance the human 
genome. Experiments that lead to improvements in our understanding of 
what guides protein folding are very valuable.  

Future dreams 
The rate of how fast a human genome can be sequenced has in ten years 
gone down from many years work for loads of researchers to one week for 
one researcher. If this development continues it is possible, even likely that a 
genome sequencing will be a routine when trying to diagnose more difficult 
diseases.  
 
Several diseases depend upon single mutations causing a protein to misfold. 
For some diseases several different mutations can cause the same misfolding 
disease. If a person is affected might depend on other possible mutations in 
that specific person. If it would be possible to predict the complete folding 
mechanism and final structures of all genes in the genome of a patient and 
see how they differ from that of healthy individuals I would imagine that we 
would learn a great lot about several diseases. For this to happen experi-
ments illustrating what differences that are important in deciding how a pro-
tein will fold are a tiny but important step in the right direction.  
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Protein binding 

Protein binding is important for almost all biological processes. It is in-
volved in tasks such as transcription, metabolic processes, signal transduc-
tion and regulation of cell shape. Which proteins bind to which in a cell de-
pends on several factors. The first criterion is that the proteins need to be in 
close contact with each other. This is not always the case since the cell con-
sists of several compartments. Second, the amounts in which the proteins are 
present need to correspond with the affinity they have for their targets. A 
protein with very high affinity can be present in low amounts but still bind at 
sufficient amounts to perform the desired task. Undesired protein interaction 
can lead to devastating outcomes, hence strong precautions to avoid such 
side-reactions need to be taken. The affinity of the binding largely depends 
on the amino acids in the binding site that has direct interactions with target. 
Alterations of these will alter the affinity. It is, however, now established 
that also amino acids distant from the binding site can affect the binding. 

Allostery 
Allostery refers to when something distant from the binding site has an ef-
fect on binding; traditionally it was considered as the binding of a co-factor 
that changed the shape of the binding site. This view had however to be 
adapted since allostery was not always associated with a change in shape nor 
the binding of a co-factor; a mutation can for example have a long-range 
effect (38, 39). With in domains allosteric pathways may be used to optimize 
selectivity and affinity for the binding of the ligand. 

Transfer of allosteric effects 
The allosteric effect has to be transferred from a distant site to the binding 
site through the tertiary structure in some way. Intradomain allostery rarely 
involves any noticeable structural changes at the binding site, and it has been 
suggested that the effect results from altering the dynamics (38, 40–43) or 
the distribution of conformations (44, 45). To guide the analysis of possible 
communication pathways in protein domains, a number of computational 
methods have been developed, including protein structure networks (PSNs), 
residue interaction networks (RINs) and residue interaction graphs (RIGs), 
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in which all the interactions between amino acids in the tertiary structure is 
plotted in a 2D network (46). PSNs/RINs/RIGs analyses have correctly iden-
tified residues important for structure and function by analyzing the shortest 
path from each residue to all other residues. Residues with short such aver-
age paths, defined as high closeness, are more likely to be important for lig-
and binding (47–50). A few different types of pathways have been suggest-
ed: pathways consisting of all bonds in the tertiary structure (peptide bonds 
and all non-covalent interactions) (47, 50, 51), pathways only consisting of 
non-covalent bonds (52), and pathways based on the interaction energy be-
tween two residues (53). In most of the cases it is the average path passing 
through the residue that has been studied. Only in very few cases has indi-
vidual paths and coupling energies along it been studied (52, 54).  

Dynamics and binding 
Increased dynamics have been shown to be correlated with broader specifici-
ty (55), and a decrease in the flexibility at the binding site has been correlat-
ed with increase in the affinity for the ligand (56–58). With NMR it has been 
shown that allostery can be due to changes in dynamics (41, 42). 

Importance of side chain dynamics 
Backbone dynamics largely coincide with the secondary structure of the 
protein. The backbone of α- helixes and β-strands are rigid, while loops are 
flexible. The dynamic range of side chains is much larger than that of the 
backbone, and it is more difficult to predict based on the structure (59). 
Hence if dynamic changes were responsible for the allosteric effect, these 
effects are likely to be rather similar in structurally similar proteins.  

Intradomain allosteric signals transferred by side chain dynamics 
A mechanism with the potential to explain allostery without structural 
changes is changes in side chain dynamics. It may even be possible that all 
allosteric dynamics are transferred by side chains. In previous network anal-
yses, the main question has been whether to include covalent bonds or not. 
We suggest in paper III that side chain-side chain interactions are enough to 
explain all allosteric effects in three analyzed PDZ domains.  

Generation of PSNs/RINs/RIGs 
Side chains that are located close to each other in the tertiary structure are 
more likely to be able to transfer dynamics. When generating a network of 
interactions e.g. a PSNs/RINs/RIGs then one can select which interactions 
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that should be included in the analysis. Since our hypothesis was that it is the 
side chains that transfer the energy we made networks containing only side 
chain-side chain interactions.  

 
There are various programs freely availably on the internet for a variety of 
platforms to study PSNs/RINs/RIGs. For instance the program GraProStr 
(http://vishgraph.mbu.iisc.ernet.in/GraProStr/) made by the Vishveshwara 
group that successfully have studied PSNs/RINs/RIGs in a number of cases 
(48, 53, 60), a program that uses distance restraints together with evolution-
ary data to calculate allosteric pathways (54), and then the program I have 
used: RING (61) in combination with cytoscape (62). RING calculates all 
the bonds present in a PDB structure according to selected settings (even 
mutual information about how often residues coexist is included), these can 
then be visualized and filtered in any possible combination in Cytoscape. 
Cytoscape is a network analysis program that is used for a wide variety of 
network analysis such as social networks, protein communication networks 
in cells or residue interactions within a protein, anything that can be repre-
sented by nodes connected by edges. The possibilities available with this 
combination far exceeds that of the other programs I have found freely 
available even though alternative software might be simpler if a very rapid 
analysis is desired.  

Analysis of side chain positions in crystal structures 
The generation of networks by RING (59) is completely based on the posi-
tion of atoms in the available structure. This might be slightly misleading for 
not well-determined structures or for flexible side chains. How flexible side 
chains are in the solved crystal structure is defined by the B-factor. A high 
B-factor implies high flexibility and needs to be analyzed together with the 
network analysis. Another drawback is that the dynamics of the protein can-
not be seen without additional molecular dynamics simulations. Depending 
on binding mechanism the allosteric signaling might be active in the un-
bound structure but not in the bound, if there are large alterations upon bind-
ing. Hence which structure that should be used in the analysis should be 
carefully considered.  

Circularly permuted proteins and allosteric pathways 
A system in which some pathways are conserved and some are changed 
would be extremely useful in order to analyze if allosteric signaling is medi-
ated through transfer of side chain dynamics. In structurally similar domains 
such as the PDZs the residues (hence side chains) in the binding site are usu-
ally conserved, but residues on potential allosteric pathways are less con-
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served, making a direct comparison very difficult, since other factors then 
also can be responsible for the result. As described in the section about pro-
tein folding, a circular permutant will, with only small alterations in side 
chain positions, retain the native protein's structure and function. On top of 
this it will have an almost identical setup of amino acids. It was shown for 
the protein dihydrofolate reductase that pathways consisting of all interac-
tions (covalent and non-covalent) are slightly altered upon circular permuta-
tion (50), hence side chain pathways should also be only partly altered. After 
we had generated the structure for the circular permutant of SAP97 PDZ2 
(paper II) a comparison of the network of interactions (PSNs/RINs/RIGs) in 
the circular permutant and pseudo wild type SAP97 PDZ2 could confirm this 
notion.  

PDZ domains and binding  
One of the most abundant protein interaction domains that we know of is the 
PDZ. PDZ domains usually exist in multiples in large multi-domain proteins 
and have a diverse selectivity to their ligands, optimized to minimize cross 
reactivity with each other (63). In addition to the directly interacting residues 
in the binding site, intradomain allosteric effects have been suggested to 
modulate selectivity in the PDZ family (64, 65). Their importance is empha-
sized by the fact that over 20 heritable human diseases have been attributed 
to malfunctioning PDZ containing proteins or their ligands (66–71)  
 
PDZ domains often bind to the C-terminal of the interaction partner with 
possible direct interactions to the 7 most terminal residues. Binding can, 
hence be studied using a peptide which corresponds to this terminal. For 
several of the PDZ domains only 7 residues are needed (72). PTP-BL PDZ2, 
PSD95 PDZ3 and SAP97 PDZ2 all have so called class 1 specificity towards 
the ligand, which means they bind to peptides where the three terminal resi-
dues are S/T-X-Φ-COO-, although affinity is also high for other residues in 
the ligand (67, 73, 74). Structures both with and without peptides are availa-
ble for the mentioned PDZ domains, hence they are a good systems to study 
RINs and allostery.  

 
The side chain dynamics is partly conserved in the PDZ domain family, sug-
gesting a possible functional role (75). PSD95 PDZ3 has an additional α - 
helix (α3) that contributes to binding affinity. It does so by interacting with 
residues in the ligand further away from the binding site (76) but possibly 
also through decreased dynamics of side chains (58) hence dynamics seems 
to be important in the binding process of PDZ domains.  
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Experimental measurement of intradomain allostery 
The stopped flow technique, explained in the protein folding section can also 
be used to study the fast events of binding. A kinetic binding experiment can 
be used to measure the affinity of a specific binding event. Mutating a resi-
due and doing the same binding experiment will give you the difference in 
affinity, ΔKd. This will tell you whether the mutated residue is important for 
binding or not. If there is a difference in affinity and the residue is located 
away from the binding site, then this residue has some allosteric effects on 
binding. This effect can be structural, dynamic and/or conformational and 
will reflect the binding to the whole ligand. If one wants to study the allo-
steric signaling between two specific residues, e.g. one in the ligand and one 
in the protein, a double mutant cycle can be employed (77–79) (Fig. 5). In a 
double mutant cycle, the two residues in question need to be mutated and the 
binding affinity will be analyzed for the double mutant, for each single mu-
tant and for the wild type. If the two residues are not coupled to each other 
then the sum of the binding free energy of the double mutant and wild type 
should be the same as the sum of the two single mutants. If not there is a 
coupling free energy, ΔΔΔGC, between them that can be calculated as de-
scribed in Fig. 5. The coupling free energy can be viewed as an allosteric 
signal between these two residues. These allosteric signals to specific resi-
dues are more likely to travel on a single path than allostery to a whole pep-
tide.   
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Figure 5. With a double mutant cycle one can calculate the coupling free 
energies between two residues. The binding affinity, Kd, is experimentally 
determined for the four possible combinations of two mutations. If the prod-
uct of the Kd for the double mutant and the wild type is the same as the prod-
uct of the two single mutants then there is no coupling free energy between 
the two residues, otherwise there is. If there is coupling free energy between 
a residue in the protein and one in the interacting ligand then the coupling 
free energy can be looked upon as an allosteric signal.  

What have I shown? 

Paper III 
I show here, for three different PDZ domains, that side chain interaction 
pathways can explain all allosteric communication between residues in the 
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protein and in the ligand. Further changes of the side chain positions along 
these side chain interaction pathways upon circular permutation of one of the 
PDZ domains can perfectly describe all changes in coupling free energy due 
to the circular permutation.  

 
The results were obtained by generating RINs containing only side chain- 
side chain interactions from the available structures. These RINs were then 
fitted to experimentally-obtained coupling free energies from double mutant 
cycles. By doing this we could see that the residues with high coupling free 
energy are located on a side chain interaction pathway leading to a residue 
with a direct interaction to the specific peptide residue, excluding residues 
with low coupling energies or with coupling energies of a different sign. 
This shows that for our system (i.e. three different PDZ domains) side chain 
interaction pathways are enough to explain the transfer of coupling free en-
ergy, i.e. allosteric signal. To further show that it is the side chains that are 
important we also compared the structures of the circularly permutated PDZ 
domain and the corresponding pseudo wild type PDZ along the side chain 
interaction pathways. The backbones of these two structures are almost per-
fectly superimposable, while there are some alterations in side chain posi-
tions. These alterations in side chain positions corresponded well with cou-
pling energies. If no side chain position was altered along the side chain 
interaction pathway then the coupling energies were not altered either. If 
there was a big distortion then there also was a big distortion to the coupling 
energy. A slight side chain distortion had a slight coupling energy distortion.   

Future perspectives based on the results  
This is the first time side chain interaction pathways have been compared 
between a wild type protein and a circular permutant. The fact that only a 
slight distortion of the position of a side chain can have so large effects illus-
trates why it has been difficult to compare allosteric pathways in structurally 
similar proteins, which do not have a perfectly conserved amino acid se-
quence. There are simply too many changes for a simple direct comparison. 
In the paper where the allosteric networks of two of the PDZ domains in-
cluded in my analysis were first compared it was concluded that the alloster-
ic networks are sequence specific but the reason for this was not clear (65). 
Analyzing the data with RINs helped illustrate the pathways through which 
the signals were sent on and made it easy to identify key residues where 
alterations in structure lead to alterations in coupling energy.  
 
My results strongly support transfer of coupling energies through side chain 
dynamics, but of course need to be verified in other systems to see how well 
it holds. One of the other PDZ domains analyzed in paper III would be a 
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good system since it has more pronounced allostery. There is even a circular 
permutant with >20 point mutations from a previous folding analysis availa-
ble for PTP-BL PDZ2 (22). However the comparison of allostery between a 
circular permutant and the wild type should work for any protein. To find 
out if it really is dynamics that is transferred in the allosteric signaling, anal-
ysis through NMR and molecular dynamic simulations would be a good 
complement.  
 
It is possible that the mechanism of allosteric signal transfer depends on 
what effect it will have on the binding site. The binding site of PDZ changes 
very little upon binding and we therefore believe that the allosteric signals 
are transmitted by dynamics or change of distribution of conformations. If 
the allosteric change leads to large structural change at the binding site then, 
perhaps also the allosteric signaling is different.   

Are allosteric pathways evolutionarily conserved? 
Based on our results in paper III the allosteric networks do not seem to be 
very conserved in the PDZ domains (with the exception of the amino acids 
close to the residue interacting residues). There are however examples of 
where the allosteric pathways are very conserved, for instance the allosteric 
pathway of myosin, where the allosteric signaling leads to the large structur-
al conformational change called the “power stroke” (54). PDZ domains are 
present at multiples in regions where protein-protein interactions are very 
crucial and subtle differences can be important which is illustrated by the 
different selectivity’s of the PDZ domains (63). It is possible that the allo-
steric networks in such proteins are more essential for regulation of the spec-
ificity. For proteins with fewer interaction partners or where the allosteric 
signaling leads to other more pronounced effects at the binding site might be 
more evolutionarily conserved since the allostery is possibly stronger in the-
se proteins and fewer possible alterations would create the desired allostery.  

Pairs of evolutionarily coupled residues: are they 
allosterically connected? 
By analyzing sequences of related proteins one can find pairs of amino acids 
that co-occur more often than others. It has been suggested that this is due to 
allosteric communication between these residues (77, 80, 81). Our observed 
allosteric networks, stretching out from residues interacting with the ligand, 
are conserved between different PDZ domains as long as all residues along 
that pathway also are conserved. We also see that very subtle changes in side 
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chain positions drastically can change the allosteric signaling in proteins 
with an almost identical amino acid set up. Subtle changes like that would be 
impossible to find in multiple sequence alignments, where the amino acid 
sequences are very divergent. As argued by Livesay et al. (80) co-occurring 
amino acids can be due to phylogenetical artifacts. If a group of closely re-
lated proteins were over represented in the multiple sequence alignment then 
their amino acids would to a larger extent be found to co-occur. The binding 
site and the amino acids adjacent in tertiary space is however much more 
conserved than the rest of the PDZ domain and hence some information 
from multiple sequent alignments of how the allosteric paths connects to the 
binding site might be possible to obtain. This is also true for closely related 
proteins that differ with only a few amino acids if it is correct to assume that 
allosteric pathways are more evolutionarily stable than a random amino acid. 
We see a correlation between the amino acids predicted to be in our alloster-
ic network for PSD95 PDZ3 and between coevolved residues in the PDZ 
domain family (81, 82), but we also se a strong divergence in allosteric 
pathways between different PDZ domains. I believe that it would be more 
correct to say that evolutionarily co-occurring residues can give hints to re-
gions where allosteric pathways are more likely to occur, instead of saying 
that the coupled residues predict the allosteric pathways.  

What will the effects be in the natural environment? 
The dynamics in PSD95 PDZ3 has been shown to be altered by removing 
the additional helix (α3), and hence also the affinity for binding (58). PDZ 
domains are natively usually present in multiple copies in multi domain pro-
teins and it has been shown that their binding preference change if they are 
alone or in multiples (83, 84), or due to long-range allosteric effects (85). In 
our work we have looked at single domains, hence it is possible that the 
pathways are different in the multi-domain proteins. Which pathways that 
are active might depend on several factors and perhaps there is a constant 
shift between different pathways like it is possible to shift between different 
conformations.  

What can be done in the future? 
If it can be verified that allosteric signals are transferred through side chain 
interactions this would improve the likelihood of being able to computation-
ally predict allosteric pathways. If one were able to predict allosteric path-
ways, then one would also be able to invent new allosteric pathways that 
increase the affinity for binding. This would be very useful in for instance 
drug development.  
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The paralemmin protein family 

The first paralemmin family member, paralemmin-1 (PALM1), was discov-
ered from mapping the proteins at the synapse (86). Paralemmin-2 (PALM2) 
and palmdelphin (PALMD) were identified a couple of years later due to 
their sequence similarity (87). The last mammalian family member, which 
has not been extensively studied, is paralemmin-3. All mouse paralemmin 
family members are highly expressed in the brain: paralemmin-1 and 
palmdelphin expression are studied by Hu et al and Kutzleb et al. (88, 89) 
and my expression data for paralemmin-2 and -3 are discussed in Neumann 
(90). The paralemmins are attached to membranes through partly reversible 
lipidation of a cysteine and a CaaX motif at the paralemmin C- terminal (86, 
91), which is lacking in most palmdelphin splice variants. The lipidated 
paralemmins can induce cell expansion and filopodia (86, 90, 92) and have 
been suggested to have a key role in spine maturation (93) possibly by being 
an adaptor between membrane proteins and the cytoskeleton (86). The iden-
tification of interactions between the dopamine receptor D3 and paralemmin-
1 (94), and between single immunoglobulin IL-1 receptor related molecule 
(SIGIRR) and paralemmin -3 (59 ) supports this. Recently, several studies 
also suggested a role for paralemmins in different types of cancers (96–100). 

Paralemmins and whole genome duplications (WGD) 
It is now established that the genome was duplicated two times early in the 
vertebrate evolution (1R and 2R) (101–103) and once early in the teleost fish 
evolution (3R) (89–91). Due to the rare survival rate of whole genome dupli-
cations it is argued that these genome duplications survived because they 
happened at times when selective constraint was relaxed due to less competi-
tion with the diploids i.e. times of extinction (92). If surviving, whole ge-
nome duplications are followed by an increased rate of morphological inno-
vation (107). The 1R and 2R were followed by for instance the development 
of the nervous, endocrine and circulatory systems, a more complex brain, the 
skull, vertebrate, endoskeleton and teeth (93). 
  
In paper IV we show that the four mammalian paralemmin family genes 
(PALM1, PALM2, PALM3 and PALMD) arose from one ancestor gene in the 
two whole genome duplications 1R and 2R. The most distant relative to the 
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mammalian paralemmins that we could find was in the lancelet, which di-
verged away from the rest of the vertebrates before the genome duplications. 
The lancelet does however share attributes of the nervous system as a hollow 
dorsal neuronal tube and a notochord (108). The four paralemmins have 
been maintained since the dawn of vertebrates, indicating that they have all 
taken on essential functions. Perhaps the paralemmins have played an im-
portant role in the development and plasticity of a complex nervous system. 
Many gene families, essential for the function and development of the brain 
and nervous system, have been found to expand in this way (109–114).  
 
In paper IV we also showed that the paralemmins are further duplicated in 
the fish-specific whole genome duplication, generating paralemmin-1A/B 
and palmdelphin-A/B, while the two additional copies were lost in all inves-
tigated species, which suggests that they were redundant. It is likely that the 
two additional genes in fish cover functions covered by splice variants in the 
species that has not been through 3R (paper IV). 

Paralemmin as an intrinsically disordered protein 
Gene families that retain all copies after whole genome duplications are fast-
er evolving than an average protein (100), probably due to a functional re-
dundancy, which results in a relaxation of selective constraint. Another 
group of proteins that are faster evolving than others are intrinsically disor-
dered proteins (IDP). 30% of vertebrate proteomes consist of these intrinsi-
cally disordered regions (115), but still it was not until the 1990s when the 
importance of these proteins was understood (116). This was probably both 
due to the common belief that a protein needs to have a structure in order to 
have a function but also due to the more circumstance dependent associa-
tions of IDPs. They where simply not found with the traditional techniques 
as co-immunoprecipitations or pulldowns. Today it has been shown that 
IDPs are flexible, multitasking and are more frequently connected to diseas-
es than other proteins (117–120). A computer prediction based on the amino 
acid sequence suggests that all proteins in the paralemmin family are intrin-
sically disordered proteins (my data, discussed in Neumann (90)). A much 
lower content of IDPs in prokaryotes compared to eukaryotes, and a correla-
tion between organism complexity and amount of binding sites in disordered 
regions (121) the raises the intriguing question if the IDPs where IDPs also 
at the time of the whole genome duplications.  
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Motifs in the paralemmin protein family 
In paper IV we find several conserved motifs that have unknown functions. 
The paralemmin motif is common for all six members of the paralemmin 
protein family, the MIF motif (87) is found in all paralemmins but parale-
min-3, and the extremely conserved C-terminal KKVI motif that is only 
found  in the palmdelphins. Since these motifs have survived evolution they 
are likely to be involved in the functioning of the paralemmins and would be 
good candidates for protein interaction studies. Most of the paralemmins also 
have a CaaX motif at the C-terminal that promotes binding to the membrane.  

Knockout of paralemmins 
Knockouts of both paralemmin-1 and palmdelphin in our lab were viable, 
fertile and showed no obvious developmental, behavioral or morphological 
abnormalities (90). A more thorough analysis showed an increase in body 
weight and impaired motor coordination for the PALM1 knockouts.  No sig-
nificant morphometric phenotype on hippocampal neurons could be seen in 
the complete paralemmin knockouts, however when conditionally knocked 
out there was a clear reduction in both filopodia and spine formation (90). 
Results like this suggest redundancy in function; that another protein takes 
over the function. This is more likely to happen when there are closely relat-
ed family members as in the case of the paralemmins. As mentioned in the 
previous section the paralemmin, the MIF and CaaX motifs are conserved 
among many of the paralemmins even though the sequence otherwise is not 
very conserved. This might be a further indication of the importance of these 
motifs. The slightly increased weight and impaired motor coordination show, 
however, that the replacement is not optimal. 

The Paralemmin downstream genes (PDG) 
A remarkable feature of one of the PALM2 genes is a co-transcription to-
gether with the downstream gene AKAP2. Closer inspections of genes 
downstream of paralemmins made us identify the new protein family para-
lemmin downstream genes (PDGs) in paper IV. The AKAP2 (or PDG2) is 
known to interact with regulatory subunit (RII) of protein kinase A trough 
the RII binding site; a motif lacking in the other members suggesting that 
other unknown functions are also important, or else they would had been lost 
in evolution. The PDGs are like the paralemmins also intrinsically disor-
dered.  
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Future perspectives 
The paralemmins are involved in processes essential for human life, yet the 
process of action is very poorly understood. Nothing is known about the 
function of the PDGs. Are there more than the AKAP2/PDG2 that is co-
expressed together with the upstream paralemmin. Both the paralemmin and 
the PDGs are IDPs, which is known to have several bindings partners, is it 
possible that the two proteins interact with each other to alter protein func-
tion? Answers to these questions are likely to give good guidance into the 
processes taking place at the synapse. 
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Sammanfattning på svenska 

Kommunikation nervceller emellan sker via en liten yta där två nervceller 
möts, synapsen. I synapsen finns komplexa strukturer av proteiner bundna 
till varandra som tar hand om synapsens arbetsuppgifter. Det är många pro-
cesser som ska utföras på den mycket begränsade yta som synapsen utgör 
och därför är de flesta proteiner där multifunktionella och kan binda till flera 
olika interaktionspartners. Ett proteins struktur bestämmer till stor del vilka 
interaktioner som proteinet kommer att ha. Om ett protein till exempel förlo-
rar sin nativa struktur bryts också nästan alltid de interaktioner som proteinet 
hade, och det finns även en del proteiner som när de byter mellan olika 
strukturer också byter interaktionspartners.  

 
Två grupper av proteiner som finns vid synapsen är (i) proteiner med PDZ-
domäner och (ii) paralemmins, vilka jag har studerat i denna avhandling. 
PDZ-domäner är kompakt veckade proteiner och har flera kända interakt-
ionspartners. Paralemmins har en väldigt flexibel struktur och är involverade 
i att justera formen på celler på ett sätt som fortfarande inte är känt. Jag har 
studerat proteinveckning och bindning hos PDZ-domäner och evolutionen 
hos de proteiner som ingår i paralemminfamiljen.  

Proteinveckning 
I denna del av avhandlingen har jag försökt komma fram till vad som är vik-
tigt för att bestämma vilken veckningsmekanism ett protein kommer att an-
vända sig av. Alla PDZ-domäner har en konserverad 3D struktur, men varie-
rade aminosyrasekvenser. Jag har visat att deras sätt att veckas kan beskrivas 
av en gemensam veckningsmekanism, med variation endast i mängden mel-
lanprodukter som bildas. Jag tror därför att strukturen är en viktig faktor för 
vilken veckningsmekanism ett protein använder.  
 
I ett cirkulärt permuterat protein har man flyttat den första delen av aminosy-
rasekvensen av ett protein till slutet dvs. producerat ett protein som innehål-
ler samma aminosyror som originalproteinet men med en ny början och ett 
nytt slut.  De flesta cirkulära permutanter veckar sig till samma struktur och 
har kvar ursprungsfunktionen av orginalproteinet. Det finns massor av ex-
empel på cirkulära mutationer som har skapats under evolutionen. Att de har 
överlevt beror antingen på att de inte är skadliga för organismen eller att de 
förbättrar något som inte var optimalt förut, t.ex. veckningsmekanismen. I de 
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flesta fall när man har designat cirkulära permutanter har deras vecknings-
mekanism blivit mer komplex vilket ökar risken att proteinet veckar sig fel 
vilket i sin tur kan leda till sjukdomar. För vår cirkulära permutant förändras 
dock inte veckningsmekanismen alls jämfört med orginalproteinet. Vi argu-
menterar att det är för att orginalproteinet redan hade en komplex veck-
ningsprocess, vilket inte har varit fallet för något av de tidigare studerade 
proteinerna.  

Proteinbindning 
Ett protein binder till ett annat protein via aminosyrorna i bindningsytan. 
Bindningsytan är väldigt viktigt för att bestämma vilka proteiner som kan 
binda till proteinet och hur stark bindningen kommer bli, men man vet dock 
nu att även aminosyror som ligger en bit bort från bindningsytan kan ha stor 
påverkan på bindningen. Dessa aminosyror måste ha någon form av kom-
munikation med bindningsytan, så kallad allosteri. Hur allosterin överförs är 
inte helt kartlagt. Det finns starka argument för att allostrin överförs genom 
små rörelser i proteinet men det är inte bevisat. Dessa små rörelser kan vara i 
proteinets huvudkedja eller i de individuella aminosyrornas sidokedjor. Jag 
kollat på hur allosterin överförs genom att jämföra experimentellt uppmätta 
skillnader i kommunikation mellan en cirkulär permutant och dess original-
protein. Mina resultat visar tydligt att små strukturella skillnader i placering-
en av sidokedjor hos den cirkulära permutanten kan förklara all skillnad i 
kommunikation. Vår slutsats är därför att kommunikationen sker via sido-
kedjor som ligger bredvid varandra i 3D-strukturen.  

Proteinfamiljen paralemmin  
Under evolutionen som genererat diversitet så som bakterier, växter, insekter 
och däggdjur så har det ett antal gånger skett dupliceringar av genomet så att 
det har bildats två kopior av varje gen. Jag har visat att de fyra medlemmarna 
av paralemminfamiljen i däggdjur har uppkommit genom två stycken sådana 
dupliceringar. Dessa två genomdupliceringar har varit viktiga för utveckl-
ingen av bl. a. ryggrad och nervsystem. Då paralemminproteinerna har vik-
tiga funktioner i nervsystemet kan deras uppkomst ha varit viktig för ut-
vecklingen av nervsystemet. Att alla fyra kopior från genomdupliceringarna 
finns kvar i de flesta ryggradsdjur tyder på att de har viktiga funktioner att 
fylla. 
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