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binding interactions of the b-sheet are formed cooperatively after the rate-limiting transition
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The second part of this thesis deals with the engineering of proteins for increasing
affinity in protein-protein interaction. Infection by high-risk human papillomavirus (hrHPV)
can lead to cancer, and the viral E6 protein is an attractive drug target. E6 from hrHPV natively
interacts with the well-characterized PDZ2 domain in SAP97, which we used as a scaffold to
develop a high affinity bivalent binder of hrHPV E6. We initially increased PDZ2's affinity for
E6 6-fold, but at the cost of decreased specificity. Attaching a helix that binds E6 at a distant
site, increasing the affinity another14-fold, completed the design.
The final work of this thesis investigates if binding studies conducted with isolated
PDZ domains is representative of the full-length proteins they belong to. It has been suggested
that ligand binding in PDZ domains can be influenced by factors such as adjacent domains and
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Abbreviations

Cdc42
CRIB
CRIPT
E6AP
FL
FRET
GK
HPV
IDP
IDR
NMDAR
nNOS
PBM
PDZ
PSD-95
PTP-BL
SAP97
SH3

Cell division control protein 42 homolog
Cdc42/Rac-interactive binding
Cystein-rich PDZ-binding protein
E6-associated protein
Full-length
Förster resonance energy transfer
Guanylate kinase domain
Human papillomavirus
Intrinsically disordered protein
Intrinsically disordered region
N-methyl-D-aspartate receptor
Neuronal nitric oxide synthase
PDZ-binding motif
Postsynaptic density protein-95/discs large/zonula
occludens-1
Postsynaptic density protein-95
Protein tyrosine phosphatase-basophil-like
Synapse-associated protein 97
SRC homology 3

Introduction

The experimental studies presented in my thesis are focused on a contribution to our general understanding of the complex nature of the relationship
between protein structure and function. More specifically, the subject matters in these studies are both fundamental aspects of protein-ligand interactions, and also the engineering of a previously well-characterized interaction
to gain first of all interaction strength and possibly also specificity. Parts of
the outcome of the engineering have subsequently been characterized and
contributed with knowledge to the overall focus of this thesis: ligand binding
in PDZ domains.
Proteins most often function through a composition of sub functions originating from isolated units in the protein, each with its characteristic structure. Such an isolated unit is known as a domain. Structurally and functionally closely related domains together constitute a domain family.

The PDZ domain family
Heterogeneous protein complexes are common within the cell. For example,
co-localization of membrane and cytosolic proteins that are part of a cellsignaling pathway is scaffolded by domains, which function by binding to
other proteins1. One example of such a domain is the members of the socalled PDZ (postsynaptic density protein-95/discs large/zonula occludens-1)
domain family, named after the three proteins that they were first identified
in during the early nineties2. This family constitutes roughly 270 members in
the human proteome3 that are typically well folded and 90 amino acid residues in length. Their function can generally be described as having an important role for cell polarity, cell migration, immune cell recognition, apoptosis and cell-cell contact4. The PDZ domain's canonical mode of ligand
binding is to interact with the ligand's C-terminus through a short PDZbinding motif (PBM), which extends from the C-terminal carboxyl group
and the four to five residues preceding it5. When bound, the carboxyl group
of the ligand is situated in proximity to a carboxylate binding loop while the
preceding residues form an extended β-sheet with the PDZ fold (Figure 1).
The sequence of the PBM determines which PDZ domain that it will preferentially interact with, and the many family members are therefore divided
into classes based on their ligand binding specificity. The original classifica9

tion is defined by a four residue PBM resulting in two classes6,7, but more
extensive classification systems that takes interactions throughout the PDZ
binding pocket into account have been derived, resulting in at least 16 classes8,9. With the methods and techniques of molecular biology and recombinant protein production many PDZ domains have previously been isolated
and experimentally well characterized in vitro10–12. A few of them have been
used as experimental model systems throughout my thesis project.

Figure 1. Canonical mode of ligand binding in PDZ domains. X-ray crystal structure
of PDZ2 from SAP97 with bound peptide ligand (Protein data bank code: 2I0L).
The carboxyl group of the ligand (yellow) is situated in proximity to a carboxylate
binding loop while the preceding residues forms an extended β-sheet with the PDZ
fold.

Before taking a closer look at the studies conducted I will first introduce
theory, methods and techniques that are central to both the type of experiments conducted and how they have been executed, as well as the conclusions drawn from the results.

Theory for studying mechanisms of protein-ligand
interaction.
Thermodynamics and equilibrium
Consider a general second order reaction between protein A and protein B
resulting in the complex AB:
𝐴 + 𝐵 ⇌ 𝐴𝐵
10

When A and B are mixed the formation of AB will be spontaneous for as
long as it leads to a decreasing Gibbs free energy, G, of the system. The
Gibbs free energy is in chemistry most often referred to as the 'free energy',
which I will therefore use herein. The free energy of the system is the sum of
the enthalpy, H, and entropy, S, at the current temperature, T.

G=H−TS

(1)

The reaction free energy at any given extent of reaction, ΔrG, defined as the
slope of the graph of the free energy plotted against the extent of reaction,
can be related to the composition of A, B and AB according to
ΔrG = ΔG° + RT lnQ

(2)

where ΔG° is the standard reaction free energy, defined as the difference in
the standard free energies of the reactants and product, R is the molar gas
constant and Q is the reaction quotient. When the free energy has reached a
minimum the reaction is at equilibrium and ΔrG = 0. The reaction quotient at
equilibrium is the equilibrium constant K. Eqn 2 becomes
0 = ΔG° + RT lnK

(3)

ΔG° = −RT lnK

(4)

that can be written as

The strength of the interaction between A and B in biochemistry is known as
affinity and is given by the equilibrium constant, which is commonly substituted by the equilibrium dissociation constant, Kd. Eqn 3 can therefore be
written
ΔG° = RT lnKd

(5)

This is a thermodynamic relation that is fundamental for calculations made
in several analyses on datasets for affinities of interaction, that have been
generated from the dedicated binding experiments conducted in the studies
for this thesis.

Kinetics
Experimentalists that want to know the binding kinetics for the interaction
between a protein and a ligand, and perhaps also study the mechanism of
interaction, will have to measure the time dependence of the second order
reaction, exemplified with that between protein A and B above. If the second
order rate constant of association is defined as kon, and the first order rate
constant of dissociation is defined as koff, then one can more specifically
write
11

𝑘!"
𝐴 + 𝐵 ⇌ 𝐴𝐵
𝑘!""
With ensemble based spectroscopic methods these two individual rate constants are quantified through experiments that measure the formation of AB
as a function of time. A common method for doing that is to use conditions
of pseudo-first order, at which one of the reactants is in great excess to the
other. If [B] >> [A] then the reaction rate, defined as the derivative of the
observed signal as a function of time, will at any extent of reaction until
equilibrium depend only on [A] in a first order scenario such that
𝑘!" [𝐵]
𝐴 ⇌ 𝐴𝐵
𝑘!""
When two solutions of A and B, respectively, are mixed, this scenario will
display a signal change that exponentially reaches equilibrium with the observed rate constant, kobs, which is given by
(6)

kobs (s-1) = koff + kon[B]

When trying to decipher the mechanism of binding between a protein and a
ligand the starting point is to try to distinguish if it could be described with a
simple two-state model, or if the observed binding kinetics follow a more
complex model. Mechanisms of protein-ligand interactions have been studied for over half a century, and there are two different mechanisms that have
for a long time been considered as the 'standard' for three-state mechanisms.
These are the Koshland-Nemethy-Filmer model13, which is nowadays referred to as induced fit, and the Monod-Wyman-Changeaux concerted
mechanism14, which is most often called conformational selection. Proteinligand interaction often involves conformational changes, which according
to these two simple mechanisms occur either before (conformational selection) or after (induced fit) binding. They can schematically be described by
𝑘!
𝑘!
𝐴 + 𝐵 ⇌ 𝐴𝐵 ⇌ 𝐴𝐵 ∗
𝑘!!
𝑘!!

Induced fit

𝑘!
𝑘!
𝐴 + 𝐵 ⇌ 𝐴∗ + 𝐵 ⇌ 𝐴𝐵 ∗ Conformational selection
𝑘!!
𝑘!!
In the induced fit mechanism the binding between protein A and B could
induce a conformational change in one of them, leading to the state defined
as AB*. In the conformational selection mechanism it is postulated that pro-
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tein A populates different conformations of which one, defined as A*, is capable of binding protein B.
Even though each of these two mechanisms consists of only two steps, it
is often not an easy task to sort out the order of events. Two steps in the
mechanism will give two observed rate constants, kobs1 and kobs2, which if
they are on different time scales do not "mix" and can in theory both be
measured. In practice, however, this also requires that the respective signal
changes that they are derived from both have amplitudes that are large
enough to be separated from the signal noise, and are not faster than the dead
time of the instrument used. For the later discussion of the kinetics data in
paper I, I will here describe the characteristics of the observed rate constants
in the two different mechanisms, under the assumption that the conformational change is slow compared to the binding.
For the induced fit mechanism, pseudo-first order conditions with [B] >>
[A] will have a fast kobs1 for the binding step according to eqn (6) and a
slower kobs2 for the conformational change (assuming that k-1 >> k-2) given by
𝑘!"#$ = 𝑘!! +

𝑘! [𝐵]
[𝐵] + 𝐾!

(7)

where Kd is the equilibrium dissociation constant for the AB complex. Eqn
(7) displays a hyperbolic dependence on [B]. In the scenario with [A] >> [B]
the "[B]" in eqn (6) and (7) is simply exchanged to [A], since it does not
matter if the conformational change occurs in A or B. The kobs2 therefore
displays a hyperbolic dependence on either A or B.
For the conformational selection on the other hand, kobs1 and kobs2 will
have different solutions depending on if [A] >> [B] or [B] >> [A]. However,
an important characteristic of the conformational selection, which may be
used to distinguish it from induced fit, is that if [B] >> [A] and k-2 is larger
than both k1 and k-1 then the kobs2 for the conformational change is given by

𝑘!"#$ = 𝑘! + 𝑘!!

𝑘!!
𝑘!
𝑘
[𝐵] + !!
𝑘!

(8)

The behavior of kobs2 is that it decreases with increasing concentration of B.
This is because at high concentration of B all of A* will bind before reverting
back to A and the conformational step is essentially irreversible, and so kobs2
tends towards k1.
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Kinetic studies using stopped-flow spectroscopy.
Stopped-flow spectroscopy is a technique for dedicated kinetic binding experiments. The principle is that two solutions are mixed usually within 2 ms
in a flow cell through which monochromatic light is passed. The read-out
can be absorbance, fluorescence polarization, circular dichroism or, as with
all studies in this thesis, fluorescence emission. Therefore, a photon multiplying tube that quantifies the emitted light is connected perpendicular to the
source of the monochromatic light (Figure 2). In this thesis the fluorescence
emission is either from a Trp residue engineered by site-directed mutagenesis into a PDZ domain, or from a Dansyl group at the N-terminus of a peptide ligand.

Figure 2. Outline of a stopped-flow apparatus. A single drive ram pushes the solutions in two different syringes through a mixer into the measuring cell and stop syringe. When the piston of the stop syringe reaches the stop switch the flow stops and
data acquisition from the photon multiplying tube is triggered.

If I want to measure the second order rate constant of association, kon, and
the first order rate constant of dissociation, koff, for the binding between a
protein and a ligand, I typically perform two different sets of experiments. If
the fluorescent probe in the example with protein A and B introduced above
is situated in A, then for the determination of kon A is kept constant at a low
µM concentration while mixed with varying concentrations of B. The fluorescence emission recorded over time t is referred to as a 'trace', and if it can
be reproduced by a single exponential function it is commonly described as
displaying a monophasic behavior. Therefore, for each experiment in which
the resulting trace display a monophasic behavior the data is fitted to an exponential function given by
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = 𝑎𝑒 !!!"# ! + 𝐶

(9)

This function contains the amplitude factor, a which corresponds to how
much of protein A that has bound to B, the exponential term with the observed rate constant, kobs, and the term C, which is the fluorescence emission
signal when the reaction has reached equilibrium. The kon is analyzed by
14

plotting the kobs values versus [B]. At true pseudo-first order conditions the
kobs = koff + kon[B] but since it is not known exactly when this condition is
met, a correct fit to the experimental data within the lower end of the range
of concentrations of B used, is given by the general equation for a reversible
bimolecular association15
!
!
𝑘!"# = (𝑘!"
([𝐴]! − [𝐵]! ) + 𝑘!""
+ 2𝑘!" 𝑘!"" ([𝐴]! + [𝐵]! ))!.!

(10)

For the determination of koff a set of experiments are performed in which a
pre-formed complex of AB (made with a few µM each of A and B) is mixed
with a ligand C that competes for binding to A such that
𝑘!""
𝐴𝐵 + 𝐶 ⇌ 𝐴 + 𝐵 + 𝐶 ⇌ 𝐴𝐶 + 𝐵
𝑘!"
The observed rate constant for the resulting trace is given by
𝐾!
𝑘!"# = 𝑘!"" + 𝑘!"
[𝐶] + 𝐾!

(11)

in which Kd is the equilibrium dissociation constant for A binding to C. At
high concentrations of a C the dissociation of AB is essentially irreversible,
and so kobs tends towards koff.

Analyses using kinetic data from mutant studies
The aim of this section is to demonstrate some analyses that can be made
with data for binding kinetics, which probe two different aspects of proteinligand interaction. These are (i) what the structure of the rate limiting transition state for binding could look like, and (ii) if there are residues in the protein, that upon binding to the ligand, are energetically connected in a network which originates at a residue in close contact with a residue of the ligand and extends throughout the protein. Analysis of these aspects rely on
that mutations at several positions, sometimes combined, are made within
the protein, and that their effect on the kinetics of binding is compared with
that for the original amino acid sequence (referred to as the 'wild type').

Structure of the transition state
Interaction between a protein and a ligand relies on favorable intermolecular
contacts that are formed in the progress along the reaction pathway. As mentioned above this progress often involves conformational changes, from
15

which also intramolecular residue contacts are formed. When studying the
mechanism of interaction, clues can be obtained from knowledge about
whether residue contacts native to the bound state are present in the rate
limiting transition state.
Interaction(s) between side-chains of residues in the bound state can be
deleted by removal of parts or the whole of one side-chain through the manner of a conservative deletion mutation in the protein, such that the overall
structure of the bound state is not disrupted16. The classical way in chemistry
for structurally examining the transition state is to make several such mutations and then analyze their effect as a whole on the transition and bound
state through constructing linear free-energy relationships of the rate and
equilibrium constants of binding. Experimentally, this is performed by determining the kon and koff for the interaction, for wild type and mutants, respectively, calculating the respective Kd = koff/ kon and constructing two plots
of logKd with either logkon or logkoff as the dependent variable, known as a
Leffler type of plots17. If changes in Kd correlate mainly with changes in koff
then it suggests that the interactions that were probed by mutation are not
formed at the rate limiting transition state for binding but cooperatively during the subsequent progress along the reaction pathway towards the bound
state.
For investigating the structure of the rate limiting transition state at the
level of individual residues, a Φ value analysis can be employed. This was
originally developed for mapping transition state structure in protein folding18, but has been demonstrated to be applicable also for protein-protein
interaction19. The synopsis is that if a conservative deletion mutation in the
protein destabilizes not only the bound state, as measured by Kd, but also the
rate limiting transition state, as measured by a decreased kon, it implicates
that the probed interaction is present also in the rate limiting transition
state20. The Φ value is a score, which is 0 ≤ Φ ≤ 1. For Φ = 0 the deleted
interaction(s) is not yet formed in the transition state, and for Φ = 1 the deleted interaction(s) is present at equal strength at the rate limiting transition
state for binding (Figure 3). It is calculated according to
∆∆𝐺 ‡
(12)
Φ=
∆∆𝐺!"
where with the use of eqn 5
!"#$ !"#$

∆∆𝐺 ‡ = 𝑅𝑇ln

∆∆𝐺!" = 𝑅𝑇ln
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𝑘!"
!"#$%#
𝑘!"

𝐾!!"#$%#
!"#$ !"#$

𝐾!

(13)

(14)

Figure 3. Free energy profile for two examples of the effects of a conservative deletion mutation in protein A on its binding to ligand B. Either the probed interaction(s)
is (i) present only in the bound state (AB), leading to its destabilization, quantifiable
as Φ = 0, or (ii) it is present at equal strength at the rate limiting transition state,
leading to an equal destabilization, quantifiable as Φ = 1.

A mutation can also lead to the scenario in which the transition state is destabilized while the bound state is stabilized. This causes eqn (14) to change
sign, yielding a negative Φ value.

Energetic networks
It has been discovered for PDZ domains that residues in direct contact with
the ligand are energetically connected to remote residues through a network
of residue interactions. The existence of energetic networks could therefore
include the whole domain, and not only the binding pocket, in the optimization for a ligand, and thereby tune the functionally important ligand specificity21,22.
The presence of an interaction between two residues can be experimentally observed by employing a methodology known as double mutant cycle,
developed roughly 30 years ago23,24. The developers of this method included
the use of the term 'coupling' instead of interaction, since the interaction can
be indirect through other residues in the protein. The experimental output is
a quantification of the coupling in form of a coupling free energy (ΔΔΔGc).
The means by which this is obtained is to construct four variants of the protein, each representing the corner of a double mutant cycle, exemplified in
the following scheme
𝑃 − 𝑋𝑌 → 𝑃 − 𝑌
↓
↓
𝑃−𝑋 →
𝑃
where P-XY is a protein in which the residues X and Y could be coupled, P-Y
is the variant in which X is mutated, P-X is the variant in which Y is mutated
and P is the double mutant. The four variants are subjected to binding studies with a ligand, and the respective kon and koff are determined. If the effect
on the free energy of binding (ΔΔG) for mutating X in P-XY (ΔΔGP-XY !
17

ΔΔGP-Y) is different from the effect of mutating X in P-X (ΔΔGP-X ! ΔΔGP)
then there is coupling, with the amount of ΔΔΔGc quantified by
ΔΔΔG! = ΔΔG!!!" → !!! − ΔΔG!!! → ! = RTln

𝐾!!!! • 𝐾!!!!
𝐾!!!!" • 𝐾!!

(15)

The presence of coupling at the transition state for binding, ΔΔΔGc‡, can also
be calculated using kon instead of Kd in eqn 15. Since the difference in free
energy between the unbound and transition state (ΔG‡), has the opposite sign
compared to that between the unbound and bound state (ΔG), the ΔΔΔGc‡
need to be multiplied by -1 in order to be comparable to ΔΔΔGc.

Phage Display
Phage display is a technique that uses filamentous phages to enable a phenotype-to-genotype connection between proteins (or peptides) and their encoding DNA, in a fashion first described by George Smith in the mid 80s25. The
protein of interest is by fusion to a phage coat protein displayed on a phage
particle, while the corresponding genetic code for that fusion is found on a
circular single-stranded DNA inside the phage. A library encompassing
many variants in amino acid composition of a protein can in this way be
displayed on phages, with one phage for every unique sequence, referred to
as a phage library, which enables selection for a desired trait to be carried
out instead of screening through the whole library.
A phage library is constructed by using a phagemid, which is a plasmid
with the important characteristic of having a phage packaging signal and
origins of replication for both double and single-stranded DNA, allowing the
use of the translation and transcription machinery in bacteria as well as the
amplification of the phagemid DNA for packing into new phagemid particles. The DNA sequences encoding the library are ligated into the phagemid,
from which the protein of interest is expressed in fusion to the phage coat
protein with which it will be displayed. The phagemid is then transformed
into bacteria and phagemid particles are produced upon infection by a helper
phage. The efficiency of the transformation is the bottleneck for the number
of variants that can be included in the library, and 107-108 variants are commonly reported.
I have in this thesis project used M13 filamentous phage to display either
(i) a library of variants of a protein fused to the pIII coat protein, or (ii) a
library of peptides fused to the pVIII coat protein. The pIII protein is located
at the tip of the phage, at which five copies are presented, while pVIII is the
major coat protein with 2700 copies forming the tube shape of the phage26.
Fusion to the pIII protein carried in a phagemid enables monovalent dis18

play27 (the four other copies of pIII originate from the helper phage), which
eliminates avidity effect and therefore useful in conditions where high stringency for the selection is desired. This could be exemplified with a scenario
in which the variant of a protein with the highest affinity for a certain target
is aimed to be isolated. On the other hand, phagemid particles on which libraries are fused to pVIII will have a polyvalent display, which can mediate
selection for weak interactions through the avidity effect28. This could for
example be desirable when all possible peptide ligands for a protein should
be found. In the peptide phage library used in experiments in this thesis the
displayed peptide sequences are fused to the C-terminus of pVIII29. This has
been enabled through a successful effort to invent an artificial pVIII that
assembles in an inverse orientation with the pVIII from the helper phage30,31.
Fusion to the C-terminus is not an option for display with pIII.
Owing to the phenotype-to-genotype connection phage libraries can be
subjected to an in vitro selection cycle (Figure 4) that is analogous to natural
selection. The bait for the displayed library is immobilized on a solid support
and conditions are set such that phages can only pass ('survive') the selection
if they can bind to the bait. The selected phages are then amplified in numbers (resembling the offspring in natural selection) before the process is repeated for three to five rounds until the phage library is composed only of
those enriched due to their interaction with the bait.
Since the selection step is based on affinity for the immobilized bait, one
would presume that the higher the number of rounds performed the higher
the probability that the phage displaying the highest affinity for the bait will
dominate among the enriched phages. This is not always the reality with this
technique. If the selection step is based on an existing protein-ligand interaction, and the phage library displays variants of that protein with the wild type
sequence included, then the wild type might come to dominate the enriched
phages even if it does not have the highest affinity for the bait in the selection (as in paper II). The reason for this could be that the amplification step
in bacteria is the Achilles heel of phage display and could be biased towards
phages displaying the wild type sequence32.
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Figure 4. The iterative process of in vitro selection exemplified with three variants
of a protein (purple, green and red) displayed by fusion to the pIII protein located on
the tip of the phage particle. The constructed phage library contains many copies of
each phage displaying a unique variant of the protein (represented by a unique color). The library is incubated with a bait protein that is immobilized on a solid support. For those phages on which the displayed protein variant has a weak affinity for
the bait, many copies are not bound, and these are subsequently washed out. The
remaining phages are eluted by being presented with Escherichia coli that they infect upon dissociation from the bait. Phages that passed the selection are amplified
with the infected bacteria and re-enter the selection. Three to five rounds of selection
are typically needed in order to enrich the desired phages. The DNA encoding the
displayed protein can be sequenced prior to or after amplification, based on the protocols used.

As a final remark, one selection round can be performed each day, and phage
display is therefore a technique with which a peptide or protein with affinity
for a given selection target can rapidly be isolated from hundreds of millions
of variations in amino acid sequence. The library variants displayed on the
enriched phages can thereafter easily be exported to subsequent experiments
using the encoding phagemid inside the phage particle.
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Background to the thesis projects
Mechanism of binding for a disordered β-finger
Certain PDZ domains can recognize ligands in a non-canonical way by binding to internal sequence motifs. One example is the interaction between the
PDZ domain of neuronal nitric oxide synthase (nNOS) and either of the two
ligands, namely the PDZ2 domain of postsynaptic density protein-95 (PSD95) and syntrophin PDZ. In comparison with the canonical PDZ structure,
nNOS PDZ has a 32 amino acid residue C-terminal extension. This extension contains segments that undergo a disorder-to-order transition upon interaction with either of its two ligands, to form a well-structured β-finger33–36
(Figure 5).

Figure 5. Non-canonical mode of ligand binding in PDZ domains. X-ray crystal
structure of nNOS PDZ (yellow) bound to syntrophin PDZ (blue). The C-terminal
extension of nNOS PDZ adopts a well-structured β-finger that forms an extended βsheet with the syntrophin PDZ fold. Formation of extended β-sheet is a feature
shared with the canonical mode of ligand binding in PDZ domains.

Through most of the twentieth century the structure-function paradigm within protein science was that proteins had to fold into a well-defined threedimensional structure in order to function. However, for the past two decades there has been a rapidly increasing amount of data from both bioinformatic and experimental studies that have made it evident that a substantial
amount of proteins involved in highly regulated biological processes have in
fact regions of disorder or are fully disordered37. Regions of disorder are
known as intrinsically disordered regions (IDRs), and if they span the whole
amino acid sequence those proteins are known as intrinsically disordered
proteins (IDPs). One piece of the puzzle to understand why disorder is beneficial is to understand the mechanism by which they bind. Therefore, nNOS
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PDZ gained focus as an experimental model for studying the mechanisms of
binding between IDRs and their ligands.

Design of a PDZbody for high-risk HPV E6
Infection from the Human papillomavirus (HPV) is common, with a global
prevalence of 11-12%38, though as much as 90% of infections are cleared by
the immune system within the first two years4. Up until 1970 it was believed
that there was only one type of HPV, which could not be blamed for more
than spontaneously regressing warts on different tissues39, but by the time of
the mid 80’s, several types of HPV had been discovered, and HPV DNA
from two previously unknown types of HPV was demonstrated to be prevalent in cervical cancer biopsies40,41. We now know that there are at least 200
types of HPV42, and that persistent infection from 12 of them, classified as
high-risk types, are the etiology of cervical cancer43. This disease, which is
the fourth most common cancer related cause of death in women, accounts
for 85% of all the HPV attributable carcinomas, while others are those of the
vulva, vagina, penis, anus and the so-called head and neck cancers38. Unfortunately, the numbers of HPV attributable head and neck cancers have dramatically increased in the past two decades44. The current therapies for these
diseases are unsatisfying, and even though a vaccine for the two most oncogenic types of HPV is available45, there will be many patients in need of
good therapy for many years to come39.
Research suggests that cervical carcinoma cells are relying on the virus in
order to survive, and that the virally encoded E6 protein is one of the two
actors of major importance to the virus46. The high-risk types of HPV have
evolved its E6 protein to contain both a PBM47, and another binding site,
distal from its C-terminus, at which it interacts with an LxxLL motif located
in an α-helix in the ubiquitin ligase E6AP48. The interaction of E6 with
E6AP is known to promote ubiquitination dependent proteasomal degradation of the tumor suppressor p5349,50, an important feature of E6. Similarly,
the E6 interaction with PDZ domains targets PDZ domain containing proteins for degradation51,52. The most oncogenic high-risk types of HPVs are
16 and 18, causing roughly 75% of all cervical cancers43, and one of the PDZ
domains that their E6 interacts with is PDZ2 in SAP97 (also called human
Dlg)53,54. This domain had previously been characterized with respect to both
folding55,56 and ligand binding22,57, including its interaction with the E6 protein58.
Given the high possibility of specificity in protein-protein interactions
when one of the interaction partners possess multiple ligand binding sites,
such as HPV E6, there is potential for development of a in a high affinity
protein binder acting as a drug. There are examples of antibodies developed
for drug action, but the exploration of alternative scaffolds has emerged in
the past decade 59,60. Inspired by several previous studies on bivalent inhibi22

tors61–66, this project set out to engineer a high affinity chimeric protein binder for the E6 protein, using the SAP97 PDZ2 domain as scaffold.

Influential factors for PDZ-ligand interaction in PSD-95
Research which aim to generate three-dimensional structures and/or binding
data for protein-protein interactions is easier to pursue by excluding the
highly flexible linkers regions between domains. Out of all the studies on
PDZ-ligand interaction that have been reported, few have used anything else
than isolated PDZ domains. So far, studies have reported that binding interfaces other than the canonical ligand-binding pocket could influence ligand
binding3. From studies that have included segments outside of the PDZ domain, it has first of all been reported that adjacent domains can influence
ligand binding. Binding of Cdc42 to the CRIB domain adjacent to the PDZ
domain in Par-6 was observed to increase this PDZ domain's affinity for its
ligand by 13-fold67. Also, ligand binding in the PDZ2 domain of protein
tyrosine phosphatase PTP-BL is modulated by an interaction with the adjacent PDZ1 domain at the opposite side of its canonical binding pocket68.
Furthermore, several studies have shown that sequences extending at either
termini from the canonical PDZ fold can play a critical role69.
As mentioned above the PSD-95 protein interacts through one of its PDZ
domains in a non-canonical fashion with the PDZ domain from the nNOS
protein. This interaction is part of an illustrative example of the scaffolding
function of PDZ domains. In the postsynaptic density of neuronal excitatory
synapses PSD-95 functions as the molecular link that co-localizes neuronal
nitric oxide synthase (nNOS) with the neurotransmitter-stimulated N-methylD-aspartate receptor (NMDAR)70,71. Nitric oxide was nearly 30 years ago
discovered as an intracellular messenger in the brain, and is now known to
be involved in a broad range of functions such as for example blood flow,
mental health, and development as well as the pathological process of excitotoxicity72. The ternary complex between NMDAR, PSD-95 and nNOS is
achieved by the presence of more than one PDZ domain in PSD-95, which
makes it capable of interacting simultaneously with the GluN2B subunit of
NMDAR and with the PDZ domain of nNOS70. Furthermore, PSD-95 has
also been known to interact through one of its PDZs to form another complex with the cysteine-rich PDZ-binding protein (CRIPT), an interaction
which is involved in the anchoring of PSD-95 to the cytoskeleton5,73. The
interactions with GluN2B and CRIPT are both canonical.
PSD-95 belongs to the family of membrane-associated guanylate kinase
scaffold proteins and contains in total three N-terminal PDZ domains, followed by an SH3 and a Guanylate Kinase domain (GK). What could be of
functional importance is that these five domains form two supramodules, of
which PDZ1-2 forms one of them, and PDZ3-SH3-GK forms the other74–76
(Figure 6). PSD-95 therefore gained focus as an experimental model in
23

which binding experiments could be performed that shed more light on
whether adjacent domains, non-canonical binding interfaces as well as supramodular arrangement influence canonical and non-canonical binding in
PDZ domains.

Figure 6. Schematic representation of domain organization in PSD-95. (A) Domain
order along the primary structure. (B) Supramodular arrangement of the domains.
PDZ1 and PDZ2 form one supramodule while PDZ3, SH3 and GK form the other.
This figure is adapted from McCann et al.75
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Aims and questions

Mechanism of binding for a disordered β-finger
Studying the mechanisms of coupled folding and binding between an IDR
containing protein and its ligand, namely that for the binding between nNOS
PDZ and the PSD-95 PDZ2. Can the mechanism be described as an initial
encounter complex that then leads to the ordered structure in the bound state
(induced fit), or does the C-terminal extension of nNOS PDZ sample several
conformations in its free state of which some are capable of binding (conformational selection)?

Design of a PDZbody for high-risk HPV E6
Using SAP97 PDZ2 to create a high affinity binder towards HPV E6 by
protein engineering, and begin examining its specificity for this target within
a cellular context.

Influential factors for PDZ-ligand interaction in PSD-95
Using PDZ2 and PDZ3 in PSD-95 as a model to study both if adjacent domains, supramodular arrangement and size of the PDZ-ligand influence the
kinetics of PDZ interactions, and if there are any such effects of canonical
versus non-canonical PDZ interactions. Could an individual PDZ domain be
used as proxy for the corresponding full-length PSD-95 when conducting
binding studies on that particular domain? Does it matter what length the
ligand is, or if it has a canonical or non-canonical mode of interaction?
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Results and discussion

Mechanism of binding for a disordered β-finger
The questions described above regarding the mechanism of coupled folding
and binding between nNOS PDZ and PSD-95 PDZ2 were addressed by introducing six mutations that modulate the stability of the β-finger of nNOS
PDZ and then measuring their individual effect on the binding kinetics using
stopped-flow spectroscopy. The mutated residue positions were chosen such
that they do not make extensive direct interactions to the PSD-95 PDZ2 protein. Furthermore, in order to control for if the location of a Trp residue as a
probe for binding could affect the binding kinetics, a Trp was engineered in
to both the β-finger of nNOS PDZ and in proximity of the binding pocket in
PSD-95 PDZ2.
The binding traces were monophasic for the native interaction, and the kinetics show that a binding event is rate limiting under the experimental conditions (paper I, Figure 2). The measured rate constants (paper I, Table 1)
suggest that the location of the engineered probe did not affect the association rate constant (kon). We observed that the kon is nearly 2 orders of magnitude lower than what is generally observed for PSD-95 PDZ2 and other PDZ
domains with short peptide ligands57,66,77. The reason for this is most likely
related to conformational transition(s) of the β-finger in nNOS PDZ, which
will be rate limiting at high enough concentration of PSD-95 PDZ2 and detectable as a nonlinear dependence of the observed rate constant (kobs). Even
though nNOS PDZ was mixed with up to 500 µM of PSD-95 PDZ2 no such
nonlinear behavior of the kobs could be detected (paper I, Figure 2).
All but one of the mutations in the β-finger of nNOS PDZ generated a dataset of kinetics for which analyses could be performed that address if the
native interaction(s) of the mutated residue forms at or after the transition
state. First of all, accurate Φ values could be calculated for three of the positions (paper I, Table 1), and they show that their native interactions are
formed after the transition state. Furthermore, linear free-energy relationships of the rate and equilibrium constants of binding clearly demonstrate
that changes in Kd are determined mainly by changes in the dissociation rate
constant (paper 1, Figure 4). This shows that the native interactions of the βfinger are formed cooperatively after the main transition state for binding to
PSD-95 PDZ2.

26

With the observations that a binding event is rate limiting for the reaction,
and yet native interactions are formed cooperatively after the main transition
state, one could hypothesize that the mechanism of binding involves a weak
initial encounter complex that then leads to the ordered structure in the
bound state (induced fit). A pre-complex has also been either suggested,
directly observed, or found to be important in experimental studies78–80 and
computer simulations81,82 on a total of five other model systems for
IDR/IDPs.
For three of the six mutations in the β-finger of nNOS PDZ the binding
traces were monophasic and a linear dependence of kobs was observed. However, independent on the location of the Trp residue, the R121A mutation
gave monophasic traces for which the kobs values did display a nonlinear
decrease on increasing concentration of ligand (paper I, Figure 3). In point of
distinguishing between an induce-fit and conformational selection mechanism of binding, this is characteristic of the latter (as given by eqn (8)) and is
therefore indicative of that the major transition state occurs during a slow
conformational change before (fast) binding for this mutant. This, however,
does not rule out any subsequent induced-fit step. With the Trp residue located in the β-finger of nNOS PDZ, two other mutants gave a biphasic trace,
in which the fast phase display a linear dependence of kobs, while the rate
constant of the slow phase displayed the same dependence on ligand concentration as the R121A mutant (paper I, Figure 3). A straightforward explanation for the observations made with these three mutations is that the β-finger
of nNOS PDZ sample several conformations in its free state of which one
dominates and is capable of binding. This binding competent conformation
can upon mutation be destabilized to a varying degree such that other states
have to undergo a slow conformational change before binding.
In conclusion the results of the experiments in paper I suggest that the mechanism of binding between nNOS PDZ and the PSD-95 PDZ2 cannot be described simply as either an initial encounter complex that then leads to the
bound state, or as an ensemble of conformations of the C-terminal extension
of nNOS PDZ in which some are binding competent. Rather, the data suggests a multistep mechanism of binding generic to disorder-to-order transition that involves β-strands, and in which the native interactions form cooperatively after the rate-limiting transition state. This is therefore likely to be
found for binding mechanisms among flexible and disordered regions of
proteins.

Design of a PDZbody for high-risk HPV E6
A high affinity chimeric protein binder for E6 from high-risk types of HPV
was successfully developed in a two-step procedure, resulting in a PDZbody
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(PDZ-based antibody). The first method of choice was protein engineering
using phage display83, which had previously been reported to be successful
for other PDZ domains84,85. A combinatorial library comprising a total of 2.5
million combinations of mutations aligning the ligand-binding site of SAP97
PDZ2 (Figure 7) was displayed on the tip of M13 phage. For subsequent
quantification of affinities using stopped-flow, all library members contained
a Trp residue which was successfully engineered in this domain for a previous binding study57. The phage library was passed through rounds of selection for affinity with the C-terminus of the HPV18 E6 protein. Samples of
the SAP97 PDZ2 variants displayed on the tip of the highly enriched phages
were recombinantly produced, where after their respective affinities for the
C-terminus of HPV18 E6 were quantified with binding experiments using
the stopped-flow technique. One mutant, designated PDZφ9, carried two
mutations (paper II, Figure 1b) and had a six-fold increase in affinity compared to the native SAP97 PDZ2 (paper II, Table 1).

Figure 7. X-ray crystal structure of SAP97 PDZ2 (blue) in complex with a peptide
(yellow) corresponding to the C-terminus of HPV18 E6 (Protein data bank code:
2I0L). The five residue positions included in the combinatorial library displayed on
M13 phagemid particles are shown as spheres, with carbon in gray, oxygen in red
and nitrogen in blue. A unique member in the combinatorial library carry one of all
combinations possible with any amino acid residues except cystein available for
each of the five positions.

The second step in the development used rational design. An LxxLLcontaining helix from the E6AP protein was attached to the N-terminus of
PDZφ9 via an amino acid linker (Figure 8), and because the C-terminus of
E6 is flexible and that the linker could possibly interact with E6, it was varied in four different lengths. The affinities of the resulting PDZbodies for
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HPV16 E6 were measured with ITC, and a 20 residue linker gave a 14-fold
increase in affinity as compared to PDZφ9 (paper II, Table 2), and the PDZbody was thereby developed.

Figure 8. Hypotethical model of the complex between the PDZbody and E6 protein
from HPV type 16. The PDZφ9 and E6AP helix (both in blue) are spaced by a linker
(grey) and have different binding sites on E6 (yellow). This figure was generated
using the crystal structures of HPV16 E6 with the E6AP helix (Protein data bank
code: 4GIZ) and that of SAP97 PDZ2 (Protein data bank code: 2I0L).

For studying the specificity of the PDZbody, experiments were initiated that
focused on PDZφ9. Nine peptides that represent potential ligands within the
SAP97 PDZ2 interactome were chosen by performing proteomic peptidephage display29 using SAP97 PDZ2 and PDZφ9, respectively, as bait in separate selections. The data from these phage display selections suggests that
the previous molecular discrimination between a Val and a Leu next to the
C-terminal carboxyl group in the PBM is reduced in PDZφ9 (paper III, Figure 5a). For a quantitative assessment of how the two mutations modulate
the affinity and specificity, we measured the affinities of the nine chosen
peptides, and the C-terminus of HPV18 E6, with SAP97 PDZ2, PDZφ9, and
the two individual mutations, respectively, using stopped-flow spectroscopy.
From that dataset of kinetics, the respective Kd values were first of all calculated. They show that PDZφ9 has an increase in affinity for all of the potential ligands within the SAP97 PDZ2 interactome investigated, and that the
affinity is substantiated by only one of the mutations, namely L391F (paper
III, Figure 3). Then, the change in specificity for PDZφ9 relative to SAP97
PDZ2 was calculated for each of the nine peptides, using the viral C-terminal
peptide as benchmark. The results are in agreement with the observation
made with the phage display data. Despite being engineered for the HPV18
E6 peptide, which has a Val at its C-terminus, PDZφ9 cannot discriminate
between a Val and Leu at the C-terminus (paper III, Figure 5b).
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Based on a proposed "negative selection" model, according to which residues at the ligand-binding pocket may be optimized for affinity and/or specificity86,87, we speculate that the L391 residue in native SAP97 PDZ2 may be
suboptimal for binding but can act as a guard against functionally undesired
ligands. Furthermore, a gain in affinity at the cost of specificity in PDZ domains was previously found by using a phage displayed library of Erbin
PDZ variants in which positions included in the library were also located in
the peptide-binding pocket84. These experiments with PDZφ9 thus confirm
the difficulty in achieving a gain in both affinity and specificity when using
this strategy. For the specificity of the PDZbody, however, it is important to
remember that it contains two binding interfaces, and that the helix from
E6AP should interact specifically with the E6 protein.
From the dataset of binding kinetics we finally calculated the coupling
energy between the two mutated positions, for each peptide, respectively. It
demonstrates that there is a substantial energetic coupling between the two
mutated residues in PDZφ9, and that this coupling is peptide dependent. The
coupling is present for peptides with a Leu at the C-terminus (paper III, Figure 4). This finding corroborates the previously reported energetic networks
in PDZ domains described above. Peptides with a Leu at the C-terminus
seem to "trigger" a network of coupled residues that involve the two mutated
positions.

Influential factors for PDZ-ligand interaction in PSD-95
The questions described above for paper IV were addressed by performing
stopped-flow binding experiments in which the full-length (FL) PSD-95,
three truncated constructs of FL PSD-95, and two controls were systematically studied with the three natural ligands of PSD-95 described above. The
three truncated constructs were PDZ2, PDZ3 and PDZ1-2 tandem. A tryptophan residue for monitoring ligand binding was engineered into each of the
individual PDZs, and into PDZ2 for the PDZ1-2 tandem and FL PSD-95.
The two controls were a mutant of PDZ1-2 tandem that abolish binding to
PDZ1, and FL PSD-95 with a tryptophan engineered into PDZ1 instead of
PDZ2 (FL PSD-95 I100W). As for the three natural ligands, we used fulllength of CRIPT and nNOS PDZ, as well as three different lengths of peptides corresponding to the C-termini of CRIPT and the GluN2B subunit of
NMDAR.
For the binding of GluN2B to PSD-95 (paper IV, Table I) we observed
that it interacts mainly with PDZ2 in the PDZ1-2 supramodule while it does
not interact with PDZ3 in the other supramodule. This is in agreement with
what has previously been shown to be the functional interactions between
PSD-95 and GluN2B70. The kinetics of the interaction with the PDZ1-2 tandem were similar for the different lengths of the peptide ligand, and agrees
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with a previous binding study on this PDZ1-2 tandem with a peptide of the
PBM in GluN2B66. While it has previously been shown that PDZ1 and
PDZ2 do not affect each others ligand interaction66, the presence of the
PDZ3-SH3-GK supramodule seems to have some obstructive influence on
ligand binding to the PDZ1-2 supramodule, as demonstrated in slightly lower kon values for the FL PSD-95 compared to the PDZ1-2 tandem.
For the binding of PSD-95 to CRIPT (paper IV, Table II) we used dansyl
labeled peptides of CRIPT and monitored Trp fluorescence, which upon
binding is quenched by FRET. We first of all found that CRIPT mainly interacts with the PDZ3 domain, which agrees with what has been previously
reported73, but that there is also a weak but significant interaction of CRIPT
with the PDZ2. In addition, while the kon was independent of the length of
the peptide the koff decreased with decreasing length. The shortest peptide
was six residues in length, and since the N-terminal dansyl group can therefore be expected to be situated well outside of the canonical binding pocket
in PDZ35, it demonstrates that non-canonical binding interfaces could modulate the affinity in this domain. For the interaction with the full-length
CRIPT we measured the koff with PDZ3 and compared it to that for FL PSD95. Interestingly FL PSD-95 display two dissociation phases that are both
significantly slower than the single phase measured with PDZ3. As with the
dansylated peptides of varying length, this strongly suggests the presence of
non-canonical binding interfaces outside the binding pocket of PDZ3, which
has been previously reported for PDZ domains3, as well as interactions with
the surrounding domains.
For the binding of PSD-95 to nNOS PDZ (paper IV, Table III) the measured kinetics were very similar for FL PSD-95, PDZ1-2 tandem and PDZ2.
The non-canonical interaction between PSD-95 PDZ2 and nNOS PDZ (for
which the kinetics and mechanism of binding was thoroughly investigated in
paper I) is therefore not influenced by the presence of the adjacent PDZ1
domain or the PDZ3-SH3-GK supramodule in PSD-95. Neither is the interaction with PDZ2 in FL PSD-95 influenced by a simultaneous interaction of
PDZ3 with a CRIPT peptide. Finally, by including FL PSD-95 I100W in the
study we found an interaction between PSD-95 PDZ1 and nNOS PDZ previously not reported. It could be quantified that nNOS PDZ has a roughly 20fold lower affinity for this domain compared to PSD-95 PDZ2.
In conclusion, the kinetic dataset for PDZ-ligand interactions in this study
has for the canonical mode of ligand binding demonstrated that PDZ2 and
PDZ3 in PSD-95 on the whole interact with short peptides independently of
adjacent domains or the supramodular arrangement. This observation is
made also for the non-canonical mode of ligand binding with nNOS PDZ.
Binding experiments with short peptide ligands or nNOS PDZ using individual PDZ domains of PSD-95 are therefore a good proxy of the full-length
protein. However, interfaces outside of the canonical binding pocket can
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contribute with binding energy, and the required length of the peptide needed for full representation of the interaction should therefore be examined.
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Concluding remarks and future perspectives

The three studies presented in this thesis have contributed with knowledge to
several aspects of protein-protein interaction involving PDZ domains. First
of all, by characterizing the interaction between the PDZ domain of nNOS
and the PDZ2 domain of PSD-95 we discovered two aspects of their mechanism of interaction that may be general for disordered protein regions that
upon ligand binding involve the formation of β-strands or β-sheets. Proteins
containing disordered regions are common in highly regulated processes in
eukaryotes, and it is intriguing to understand why. One functional aspect
from which clues can be obtained is that of the mechanism of interaction. In
the aforementioned interaction nNOS PDZ contains the disordered region,
which in the bound state form a β-sheet in the binding pocket of PSD-95
PDZ2. The two mechanistic aspects of binding that we discovered for this
interaction are that it involves several steps and that the native binding interactions of the β-sheet are during binding formed cooperatively after the ratelimiting transition state. It will be interesting to see if future binding studies
on other model systems for disordered protein regions that form β-sheets
will reach the same observations.
Another study presented herein describes the design of a potential protein
drug for cancers caused by chronic infection by high-risk papillomaviruses.
The viral E6 protein is an attractive drug target for this virus, and by linking
(parts of) two natural targets of this protein we designed a bivalent highaffinity binder of E6. The PDZ2 domain of SAP97 was used as a scaffold for
the binder, which could potentially act in similarity to an antibody, and
hence the description PDZ-based antibody, or simply PDZbody. In the design the PDZ2's affinity for E6 was first matured using protein engineering,
before a helix from E6AP was attached at the its N-terminus, thereby targeting two different binding sites on the E6 protein. When assessing the matured PDZ2's specificity for E6 we discovered that it is reduced in comparison with the wild type of that domain, but with regards to this it should be
noted that much of the PDZbody's specificity is given by the fact that it is
bivalent. Future experiments could assess if the PDZbody could be administered to HPV immortalized cell lines, if p53 levels could rise as a result of
E6 function being blocked by the PDZbody and if such cells could therefore
cease to proliferate or even undergo apoptosis. That would indeed be a
promising result, which could then initiate experiments on primary cell lines
from cancers caused by high-risk HPV.
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In the final work of this thesis we investigated if binding studies conducted with isolated PDZ domains are representative of the full-length proteins
they belong to. The work presented demonstrates that PDZ2 and PDZ3 in
PSD-95 by and large interact with short peptides and nNOS PDZ in an independent manner, but that interactions outside of the canonical binding pocket
could be present. One should therefore consider the appropriate length of the
C-terminal peptide used as ligand. However, with an experimental setup of
individual domains and truncated ligands the questions asked should be carefully considered when interpreting the data. The significance of absolute
equilibrium and rate constants are difficult to evaluate unless measured in a
cellular context, not least since the multivalency of PSD-95 could during
scaffolding affect the affinities. Furthermore, if the binding with a full-length
partner is of focus adjacent domains could be important to include, as
demonstrated by the interaction with FL CRIPT. Nevertheless, correct relative affinities between a peptide ligand and different PDZ domains, as well
as changes in affinities arising from mutations in a particular domain and/or
peptide ligand, could be measured. Future experiments could address if these
observations for PSD-95 could be made for other PDZ domain containing
proteins, such as other members of the family of membrane-associated
guanylate kinase scaffold proteins.
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