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Zusammenfassung
Dreidimensionale Proteinstrukturen mit atomarer Auflösung liefern wichtige
Informationen über die biomolekulare Funktion der Proteine. Allerdings sind
Proteine keine statischen Moleküle, deswegen sind zustätzliche Informationen
über die interne Dynamik des Proteins nötig, um die Funktion zu verstehen.
Das Ziel dieser Doktorarbeit war es, die der zweiten PDZ Domäne der humanen Tyrosinphosphatase 1E innewohnende Dynamik besser zu verstehen. Als
Methode wurden exakte NOEs (eNOE) verwendet. Die humane Tyrosinphosphatase spielt eine wichtige Rolle in der Kontrolle von Prozessen in der Zelle,
zum Beispiel bei Wachstum und Teilung. Fehlregulation dieser Prozesse kann
unter anderem zu Krebs führen.
Der Fall der PDZ2 Domäne ist besonders interessant, da die Strukturen der
freien und der gebundenen Form, wenn sie mit dem klassischen NOE–Ansatz
oder per Röntgenkristallogrphie bestimmt wurden, keine Unterschiede zeigen,
die man mit der Funktion der Domäne assoziieren könnte. Die genaueren
eNOE Daten geben nicht nur ein einziges und statisches Ensemble von Strukturen wieder, sondern ermöglichen auch einen Einblick in den belegten konformellen Raum und die Dynamik. Durch die Abwesenheit von statischen
Strukturänderungen, die durch die Bindung des Liganden verursacht werden,
kommt dem Verständnis der Änderungen in der Dynamik der PDZ2 Domäne
eine wichtige Rolle zu, wenn es darum geht die biomolekulare Funktion besser
zu verstehen.
Infolgedessen ergibt es sich als Ziel dieser Arbeit, ein Netzwerk von Aminosäuren
in der PDZ2 Domäne zu finden, dessen Änderungen der Dynamik dazu führen,
dass das Bindungssignal von der Ligandenbindungsstelle zu entfernteren
Teilen des Proteins weitergeleitet wird.
Das Multi–Zustands Ensemble basierte Strukturberechnungsprotokoll wurde
sowohl für die Berechnung der Struktur der freien als auch der gebundenen
Form der PDZ2 Domäne verwendet. Zuerst wurde die Struktur der freien
PDZ2 Domäne auf Regionen und Aminosäuren abgesucht welche Dynamik
zeigen, die durch das Multi–Zustands Ensemble erfasst und abgebildet werden
kann. Diese Aminosäuren bilden ein Netzwerk das die ganze PDZ2 Domäne

3

abdeckt, ausgehend von der Bindungsstelle zu weiter entfernten Teilen des
Proteins. Dieses Netzwerk deckt einen potentiellen Weg für die Weiterleitung
des Signals, das durch die Bindung des Liganden ausgelöst wird, auf.
Anschliessend wurde das selbe Verfahren auf die Struktur des Komplexes der
PDZ2 Domäne mit dem Liganden angewendet. Dadurch wurde aufgedeckt
welche Aminosäuren durch die Komplexbildung eine Änderung der Dynamik
erfahren. Dieses Netzwerk verbindet die Ligandenbindungsstelle der PDZ2
Domäne durch korrelierte Änderungen der Seitenkettekonformationen mit
weiter entfernten Teilen des Proteins. Das Netzwerk enthält auch Aminosäuren,
deren Seitenketten weg vom Kern des Proteins in das Lösungsmittel zeigen
und deren Dynamik durch die Bindung des Liganden zunimmt. Die Zunahme
an Dynamik in Seitenketten, die nicht direkt in das Netzwerk zur Informationsweiterleitung involviert sind, ist ein möglicher Mechanismus um den
Entropieverlust, der bei der Bildung des Komplexes auftritt, zu kompensieren.
Das Netzwerk, das in dieser Arbeit mit Hilfe von eNOEs und dem Multi–
Zustands basierten Strukturberechnungsprotokoll gefunden, wurde unterscheidet sich von Netzwerken, die mit Hilfe anderer Methoden bestimmt wurden.
Einige wenige Aminosäuren partizipieren in allen Netzwerken, aber die meisten gehören nur zu jeweils einem der Netzwerke. Diese Tatsache legt nahe,
dass die verschiedenen Methoden und die daraus gewonnenen Information
als gegenseitige Ergänzungen betrachtet werden sollten.
Die Resultate in dieser Arbeit beruhen auf einer vorläufigen Struktur. Eine
überarbeitete und verbesserte Struktur wird publiziert.
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Summary
Three–dimensional atomic structures of proteins at atomic resolution provide
important information for understanding their biomolecular function. However, since proteins are not static molecules additional information about the
internal dynamics of the protein is also necessary to fully understand the
function of a protein.
The aim of this work was to deepen the understanding of the inherent dynamics of the second PDZ domain of the human tyrosine phosphatase 1E
(PDZ2) by the use of exact NOEs (eNOE). The human tyrosine phosphatase
1E plays an important role in the control of cellular processes, such as cell
growth and proliferation. Faulty regulation of these processes can lead to
cancer.
This case is especially interesting since the structures of the free and the
bound form of the PDZ2 domain determined with the classical NOE approach or X–ray crystallography show no differences that could be attributed
to the function of the protein. The more exact eNOE data reflects not only
a single static structural bundle but the occupied conformational space and
the dynamics. Due to the absence of static structural changes upon ligand
binding, understanding the changes in dynamics of the PDZ2 domain is a
crucial step towards the understanding of its biomolecular function.
Consequently the aim of this work was to identify a network of residues in
the PDZ2 domain whose changes in dynamics lead to the propagation of the
signal from the binding–site to distal sites of the protein.
The ensemble based structure calculation protocol was used to determine
both the structures of the free form of the PDZ2 domain and that of the
PDZ2 domain in complex with its ligand. First the structure of the free
form was screened for regions and residues showing dynamics that could
be captured by the ensemble structure. These residues form a network that
spans the entire PDZ2 domain from the binding site of the ligand to distal
regions. This network unveils a potential pathway for the propagation of the
binding signal.
Subsequently the same procedure was applied to the structure of the complex,
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thereby revealing the residues whose dynamics are affected by the formation
of the complex. The network of these residues connects the binding site of
the PDZ2 domain to distal parts of the protein by correlated changes of
the side–chain conformation. This network also contains residues that point
towards the solvent and show an increase in motion upon binding of the
ligand, this is a possible mechanism to compensate the loss of entropy upon
binding of the ligand.
The network found in this work with the use of eNOE data and the ensemble
based structure calculation protocol differs from the networks identified with
other methods. Some residues are shared by all of the networks but most
are unique to the respective network. This fact suggests that the different
methods and the information gained with their help should be viewed as
complementary.
The results in this work are based on a preliminary structure. A revised and
improved version will be published.
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Abbreviations
1D, 2D, 3D
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KNF
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SDS–PAGE
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Rotational correlation time
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Target function
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Total correlation spectroscopy
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Transverse relaxation–optimised spectroscopy
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Asparagine
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Aspartic Acid
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C

Cysteine
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Glutamic Acid
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I

Isoleucine

Leu

L

Leucine

Lys

K

Lysine

Met

M

Methionine

Phe

F

Phenylalanine

Pro

P
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S
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T
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1 Introduction
Proteins in their native fold are also described as “surface–molten solids” [1],
which have a solid–like close–packed core and a liquid–like surface. That is
why dynamics is an inherent property of all functional proteins [2]. The liquid–
like surface is crucial for the physiological function of the protein. The protein
becomes inactive both at low temperatures, when dynamics is severely slowed
down. And also at high temperatures, when thermal denaturation occurs and
the whole protein becomes liquid-like, thereby loosing the stability of the
solid–like core and thus also its function. The fact that protein denaturation
occurs at low as well as high temperatures emphasises the necessity of both
properties, the solid– and the liquid–like property. The former is responsible
for stability and the latter for activity or function. The fact that proteins
loose their function at low temperature when all internal motion is frozen
proves the need of dynamics for protein function.
Since the function of proteins relies on their dynamics, understanding their
dynamics and the relationship between structure and dynamics is necessary
to understand the function and the role of a protein in an organism [3]. The
understanding of the function of a protein in detail is a prerequisite to use
that protein as a potential drug target. Knowing and understanding the
proper function of a system is a necessity to detect and correct malfunction.
Based on the important role of dynamics it is easy to imagine that by largely
neglecting the dynamic properties of a protein a considerable amount of
information is not used. So far the elucidation of protein structures was
mostly focussed on the equilibrium structure that is usually dominated by
the state with the highest population, often neglecting the role of dynamic
changes for the function of the protein as described by Zhou et al. [1]. Both
X–ray and NMR protein structures average the signal of the many molecules
present in the sample, thus yielding a static representation of the average
of the structures present in the sample. This problem can be addressed by
using time–resolved methods, which is difficult in the case of NMR due to the
low signal–to–noise ratio. Another possible method to address this problem
is the use of exact NOEs and multiple state structures as it is done in this
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work and will be introduced in the sections 1.5 and 1.4.
The second PDZ (postsynaptic density protein–95/disks large/zonula occludens1 protein) domain of the human tyrosine phosphatase 1E that is investigated
in this work is a good example for investigating the role of dynamics. The
structure of the free and the bound form of this protein [4–6] are shown in
figures 1.1 and 1.2. They show no considerable structural differences that
could be attributed to their function.
Because there is a function associated with the binding of the ligand something has to happen, if that is not a obvious rearrangement of the backbone of
the protein we have to dig deeper. The previously published NMR structures
of PDZ2 (Kozlov et al. [4, 5] have visible structural differences in the long
helix and the two loops flanking the binding site, but the bundles show rather
large variation.
The properties of a protein, e.g. its affinity to the substrate, can be regulated
by allosteric effectors that bind the protein distant from the substrate–binding
site. The binding of the effector induces a conformational change that can
either enhance or reduce the affinity for its substrate. This allosteric regulation
can appear in the form of concerted domain–motion or a change in the side–
chain motions. The case of a change in the side–chain dynamics will be
explained further in the next section 1.1.
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Figure 1.1: Previously published reference structures (X-ray) of PDZ2 of
hPTP1E with and without ligand derived from RA-GEF2 (6
residues long) by Zhang et al. [6], free form is shown in brown,
complexed form with ligand is shown in blue.
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Figure 1.2: Previously published reference structures (NMR) of PDZ2 of
hPTP1E with and without ligand derived from RA-GEF2 (15
residues long) by Kozlov et al. [4, 5], free form is shown in brown,
complexed form with ligand is shown in blue, both are shown
with 20 conformers. The structures were aligned with respect to
the secondary structure elements.
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1.1 Allostery
The term allostery was first used to qualify the mechanism of feedback inhibition in bacterial regulatory enzymes by their regulatory ligands [7–9]. The
term allosteric was used for a mechanism of inhibition that, unlike the classical mechanism of mutual exclusion by steric hindrance, takes place between
between non overlapping and stereospecifically distinct sites for substrate and
feedback inhibitor. The interaction is mediated by a discrete and reversible
alteration of the structure of the protein. The term allostery was then extended to describe conformational transitions [8].
Initially, the induced–fit theory was suggested to account for the conformational change [10], i.e. the fit only occurs after a change in the shape of the
enzyme had been induced by the substrate. This was extended to allostery
in a way that the binding of the regulatory ligand would induce the protein
to adopt the adequate conformation [11]. This concept was soon replaced
by the Monod–Wyman–Changeux (MWC) model [12], which states that the
conformational transition is established as a preformed equilibrium between
a few discrete states, instead of being induced by the ligand, which is differentially stabilised by the ligand.
Allosteric effects are central to many physiological control and receptor processes, such as binding of oxygen to haemoglobin, where the binding of the
first oxygen molecule to a protein subunit increases the oxygen affinity of
the other subunits and thus facilitates the saturation of all oxygen binding
positions [13]. Typically those effects are ascribed to ligand–induced conformational changes transmitted through macromolecules and across subunit
boundaries.
Commonly allostery is associated with (visible) conformational changes of
the protein backbone, e.g. a rearrangement of a loop to open or close a
binding–site, which can easily be monitored with X–ray crystallography or
by liquid– or solid–state NMR. However there can also be allostery without
structural changes but with changes in the vibrational properties, as described
by Cooper and Dryden [14]. They suggest that the evolution of proteins and
other biological macromolecules might not have been purely based on the
mean conformational states but has also taken functional advantage of the
inevitable thermal fluctuations about the mean.
Since dynamic behaviour is simply the manifestation of heat energy one would
expect that during the course of evolution any useful dynamic phenomena
might have become part of the repertoire of the system,. As a consequence
the information content of a macromolecule is more than the mean atomic
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position averaged over a large number of (supposedly) identical molecules
over times which are large compared to typical molecular motions. Besides
the average conformation of a macromolecule a large amount of information
is also encoded in the frequencies and amplitudes of fluctuations about this
conformation.
The communication across a protein that is induced by the ligand could take
place via changes in these dynamic frequencies and amplitudes, together with
or even in the absence of an overall conformational change.
As a response to the binding of the ligand, changes in amplitude and frequency
of the protein thermal fluctuations occur. These changes can include all
forms of dynamic behaviour, such as vibration, rotation of individual chemical
groups/side–chains, global oscillation of protein domains, “hinge bending”,
“breathing”, “local unfolding”, and others.
Cooper and Dryden [14] described two principal ways for a protein to respond
to ligand binding. Stabilising a certain conformation over all other possible
conformations will lead to a conformational change conventionally expected
for allostery. Secondly, by “stiffening” the structure of the protein, i.e. by
reducing the number of conformations accessible and reducing the number of
thermally excitable vibrational modes by a shift to higher frequencies, which
in turn leads to a loss of thermal energy. This makes it possible to explain
cooperative ligand binding in terms of the frequency and amplitude of atomic
motions about fixed mean positions, i.e. without conformational change in
any sense that could be determined structurally, and also makes cooperative
interactions a primarily entropic effect. They even suggest that allostery
might be purely based on dynamic processes and that the conformational
changes conventionally observed are only a side–effect or manifestation of the
changes in dynamics.
In continuation of that Gunasekaran et al. [15] suggested that allostery could
be an intrinsic property of all dynamic proteins. Commonly allostery is considered to be the coupling of conformational changes between two widely
separated binding sites and allosteric proteins are symmetric oligomers where
each subunit exists in two or more different conformational states with different affinities for the ligands. This was first described with the Monod–Wyman–
Changeux (MWC) model [12] and later replaced by the sequential hypothesis
of the Koshland–Nemethy–Filmer model (KNF) Koshland et al. [16], where
subunits change their conformation one at a time in contrast to the MWC
model where the whole protein interconverts between two conformations in
a concerted manner. Both the Monod–Wyman–Changeux and the Koshland–
Nemethy–Filmer model are depicted in figure 1.3. Decades of research have
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lead to the conclusion that the exact mechanism of allostery may span a
broad range and cannot be described by a single model.
Allostery can be seen as a consequence of the re–distribution of the protein
conformational ensembles. Ligands for allosteric proteins can act in two different ways where the binding of the first ligand either increases or decreases
the affinity for the second ligand, in this way allostery is crucial to living
cells since metabolism and thus protein activity is either controlled through
positive feedback regulation or negative inhibition [11]. It is broadly accepted
that nature uses allostery to regulate protein activity since the binding of the
a ligand to one site can affect distant site(s) through a propagated change
in the protein shape [17]. It is remarkable here that small conformational
changes are sufficient to create a response in distant parts of the protein. Unfortunately the mechanism that leads to the propagation of such structural
changes remains largely elusive.
Weber [18] was the first to suggest that a population shift or re–distribution
of protein conformational states was induced by the process of ligand binding. This implies that all proteins could be potentially allosteric, since all
proteins exist as a population of conformational states, probably with fibrous
proteins being an exception. One conclusion is that a multimeric protein is
not required for allostery unlike assumed by the Monod–Wyman–Changeux
model.
The fact that proteins are not rigid but instead made up of an ensemble of
different states means that a protein cannot be adequately represented by a
single X–ray or NMR structure. It needs to be represented by an ensemble
of structures. For the transitions between the states to occur, flexibility of
the protein is a crucial property for activation. Here the NMR conformers
generated from NOE constraints can provide clues for the flexibility of the
backbone in solution. This leads to the conclusion that “analyzing interactions
between biological molecules cannot be reduced to a static description of
molecular structures” [15] and should instead be extended to the effects they
have on the dynamics of each other. From that it follows that changes that
affect the relative populations may lead to changes in the protein function,
which might make it even more difficult to understand the function of a
protein.
For example modifications should as phosphorylation do not induce a new
structure but instead they shift a pre–existing equilibrium [21]. The core of
the population shift theory relies both on the static and the dynamic, the
former being the existence of static key functional conformations that form
the protein energy landscape and the latter being the interchange between
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those populations. It is the change in that dynamic interconversion between
the functional conformations that relates to the allosteric regulation of the
protein. If you treat proteins as dynamic ensembles of conformational states
the binding of the ligand leads to a redistribution of the populations which in
turn leads to the observation of a different structure for the bound state that
has actually already been present as a minor state in the free form. Observed
is the outcome of the ensemble and since the populations are shifted by the
binding of the ligand the observed ensemble changes upon ligand binding
while in fact only a redistribution of the conformations has taken place.
Also of interest for this work, as will be seen latter on (see section 2.1.2) is
that Schotte et al. [22] have shown by time–resolved X–ray crystallography
that correlated side–chain motions play a role in protein function. Which
means that the analysis of the correlated motions between side–chains and
loops can provide information about possible allosteric sites in proteins that
are classically nonallosteric.
Kumar et al. [23] link the rough landscape of conformational substates at the
‘bottom’ of the protein folding funnel in the energy landscape with the range
of different conformations that are allosterically accessible.
The investigation of the phosphorylation–driven activation of the signaling
protein NtrC by NMR by Volkman et al. [19] revealed that the dynamics
detected in the inactive state occur exactly in the area where conformational
change takes place upon activation by phosphorylation. This is a strong indicator that there exists an equilibrium of states in the inactive state that is
shifted to the active state by the activation (see also figure 1.3(b)). This also
implies that the dynamic interchange between the active and the inactive
state already exists in the inactive form and that the activation leads to a
shift in the equilibrium that then favours the active form which shifts the
equilibrium leading to a different apparent structure in X–ray and NMR.
According to Luque et al. [24] it is more of a rule than an exception that proteins contain areas of different dynamic stability which makes them naturally
primed for the allosteric transitions that result from a shift of the equilibrium
of populations that is induced by the binding of a ligand.
In their review Kern and Zuiderweg [20] summarised the role of dynamics
in allosteric regulation pathways. Dynamic processes cover a large range
of timescales, they can reach from atomic fluctuations on the picosecond
timescale over loop and domain motions on the nanosecond timescale and
conformational rearrangements on the millisecond timescale up to seconds for
breathing modes. In general, proteins are tightly packed with the exception
of the area around the ligand binding site which can be considered as packing
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deficiencies which allow for motion in their surrounding that would then
propagate to other parts of the protein due to the tight packing. The binding
of the ligand then “repairs” this packing defect which then leads to a overall
protein rigidification and an entropy loss. In the extreme case, the effect of
ligand binding is solely shown in an entropy loss that leads to allostery without
the conformational change as described by Cooper and Dryden [14] that was
mentioned earlier. The allosteric model they describe is the extreme case
where the allosteric effect is purely entropy driven without any conformational
change and the enthalpic term to the allosteric free energy that is associated
with it. Changes in the vibrational modes due to the slight stiffening of a
few of the many global dynamic modes of motion available to the protein
induced by the ligand binding can easily amount to a few kcal/mol. This
decrease in the atomic coordinate fluctuations can be so small that it may
not be possible to show differences between the free and the bound form
of a protein, which leads to the central idea of this work that the effect of
ligand binding for the PDZ2 domain of human tyrosine phosphatase 1E that
is investigated in this work is based on changes in dynamics without strong
changes in the backbone atomic positions (see also sections 1.3, 1.5, 2.1 and
2.3).
The work of Lee and Wand [25] indicates that very large dynamic and entropic
effects can occur upon binding of larger ligands, such as peptides, due to strong
changes in side–chain dynamics. Their work also shows that the dynamics
of the protein backbone, as measured by NMR N–H relaxation, was largely
unaffected by the peptide binding, which is a strong contrast to the strong
effect ligand binding had on the side–chain dynamics. This illustrates that the
routinely applied backbone amide relaxation methods often underestimate
the actions in the global dynamics and that actually most of the dynamics
may be hidden in the side–chains of the protein. According to Fischer et
al. [26] simply using the backbone amide relaxation data as a measure of
dynamics not only neglects the influence of the side–chain dynamics on the
protein function but also underestimates the motion and entropy of the
protein backbone itself.
It is important to note that changes in the dynamics and rigidity of a protein
are directly associated with changes in entropy, while the opposite is not
necessarily true as an entropy gain upon ligand binding can also be achieved
by the release of solvent molecules that have been bound to the ligand free
protein. Since the binding of a ligand often leads to a rigidification of the
protein, another possible way of entropy contribution is that of remote entropy
compensation. Meaning that a concomitant conformational change allows a
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different area in the protein to become less densely packed and thus more
flexible, which may compensate for the entropy loss upon ligand binding and
facilitate the binding process.
Generally there seems to be the assumption that global allosteric conformational changes are relatively slow [27] and there are NMR studies indicating
that the interconversion of allosteric subconformations takes place on a millisecond to microsecond timescale [19, 28, 29].
So far it has not been understood what happens during the dynamics of
allosteric transitions and the intermediate structures are not known but it is
assumed that protein a always takes the shortest path between two conformations but in theory it is also possible that the transition takes place via a
partially or completely unfolded protein.
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1.2 PDZ Domains
The postsynaptic density protein–95/disks large/zonula occludens-1 (PDZ)
domains [30] also known as PDZ domains, are a protein domain family named
after their first three findings in the mid–/late–1990s [31]. PDZ domains
consist of 80 to 100 amino acids and their binding site usually recognises the
C –terminus of the binding partner but can also bind to internal β–hairpin
motives that act as mimics of the C –terminus [30]. They show a globular
fold consisting of 5 to 6 β–strands, aligned in an antiparallel fashion, and two
α–helices. The termini of the domain are positioned close together, a fact
that facilitates incorporation of the PDZ domains into larger multi–domain
proteins [32]. The ligand binds between the second β–strand and the long
helix in the form of a β–strand addition [33], extending the β–sheet formed
by the β–strands 2 and 3.
PDZ domains mediate protein–protein interactions. As most of the PDZ–
containing proteins are associated with the plasma membrane, their binding
partners are transmembrane receptors, channel proteins, as well as other PDZ
domains. Those interactions help to localise membrane proteins to a specific
subcellular site which enables the assembly of supramolecular complexes [31].
The PDZ domains have an important biological role for example in signaling,
ion transport, mediating adhesive properties of certain cells and the formation
of intercellular tight junctions. This point is further strengthened by the fact
that PDZ containing proteins often contain more than one PDZ domain, for
example the multi–PDZ domain protein 1 (MUPP1) that contains 13 PDZ
domains, where the interactions of all the PDZ domains with their binding
partners act as a kind of “glue” that combines a multitude of different proteins
to form one supramolecular functioning complex [34]. Of course there cannot
only be multiple PDZ domains contained in one enzyme but the PDZ domains
can also be combined with other signaling domains. Apart from that most
frequent case, there are also proteins that contain only one PDZ domain.
But there also exist proteins that are entirely made up of PDZ domains
like the drosophila melanogaster protein InaD which only contains five PDZ
domains [35].
The aforementioned property of PDZ domains to be a major player in the
formation of supramolecular complexes makes it obvious that PDZ domains
are of fundamental importance to multicelluar organisms, such as humans.
In fact when looking at the SMART database (a simple modular architecture
research tool [34]) one finds 6 proteins containing 9 different PDZ domains
for Escherichia coli, 270 different PDZ domains in 159 proteins for Drosophila
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melanogaster but 880 different PDZ domains contained in 546 human proteins,
and there might still be unknown PDZ domains in the human proteosome.
These findings suggest that PDZ domains might have co–evolved with multi–
cellularity and the development of intercellular signaling. Which is supported
by the fact that PDZ domains are abundant in animals but scarce in yeast
and bacteria [35].
In contrast to the theory of co–evolution of PDZ domains and multicellularity
there are very few PDZ domains found in plants. Since the plant cell wall
is a barrier in the cell–to–cell communication plants might have developed
other signaling mechanisms [36].
As previously mentioned, the PDZ domain specifically recognises a short (typically five residues) peptide motive at the carboxy–terminus of the protein.
The sequences typically are found in the cytoplasmic tails of transmembrane
receptors and channels [37]. The ligand binding takes place in the extended
groove between the second β–strand and the second α–helix, whereas the ligand serves as an additional antiparallel β–strand within the fold of the PDZ
domain. This binding mechanism is called β–strand addition, as it extends
the β–sheet [33]. The same mechanism applies when the PDZ domain binds
to an internal binding motif, i.e. a β–hairpin motif [31]. The structure of
the PDZ domain is not changed significantly upon binding of the ligand (see
also section 2.3), which suggests that the minor changes add up to produce
a significant effect, such as changes on the pico– to nanosecond timescale
of the side–chain dynamics, mainly the methyl groups, as mentioned in the
previous section 1.1.
Since there are no obvious structural changes upon binding of the ligand, the
changes in dynamics have to be significant. The changes need to transmit
the allosteric signal across the protein. Hence, there have to be pathways or
energetic networks along which the signal can travel from the binding site
to distal sites that are allosterically affected by the binding of the peptide.
These energetic networks allow for allosteric signal transduction with minimal structural changes based on the interactions of the side–chains and the
influence dynamic changes of one side–chain have on the side–chains that are
linked to it by the network. This linking of side–chain dynamics allows for
“hidden” allostery with minimal structural changes.
The dynamics of the side–chains are best measured and described by the
methyl order parameters as done by Fuentes et al. [38]. Mostly peptide binding
leads to rigidification of the structure which means that the conformational
exchange is damped by the peptide–binding [38].
Fuentes et al. [38, 39] have found experimental evidence by measuring side–
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Figure 1.4: Residues that show changes in side–chain methyl order parameters
upon binding of the ligand [38]. The residues at the peptide
binding–site are shown in red, these include Leu18, Ile20, Val22,
Val26, Val30 and Leu78. The distal surfaces 1 and 2 are shown
in blue and yellow respectively, distal surface 1 (blue) is formed
by residues Val61, Val64, Leu66, Ala69, Thr81 and Val85, while
distal surface 2 (yellow) is formed by residues Ala39 and Val 40.
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chain methyl dynamics for an energetic network that spans the PDZ domain
and transmits the signal of the peptide binding from the binding–site to distal
sites. Figure 1.4 shows the residues whose dynamics is perturbed upon ligand
binding. Besides the most obvious perturbation for residues at the binding–
site there are also residues affected that are not directly at the binding–site
but there are also residues affected that form two distinct regions that are
both distal to the binding–site.
Dhulesia et al. [40] combine NMR data with molecular dynamics to identify
residues that show structural or dynamic changes upon ligand binding, this
extended the number of residues belonging to the distal surfaces (shown in
figure 1.5). The structural network described shows overlap with the dynamical network described by Fuentes et al. [38] and the network of evolutionarily
conserved residues that was described by Lockless and Ranganathan [41].
These networks provide the means for transmission of the binding–signal from
the binding site to parts of the protein that are located distant to the binding
site and can thus serve as a mechanism for the long–range communication
necessary for the allosteric activation of the enzyme.
A nice example of a PDZ–peptide interaction is that of the high–temperature
requirement A protease DegS in Escherichia coli [42]. The contained PDZ
domain inhibits the DegS activity by capturing a loop of the protein that
is then released upon binding of the activator to the PDZ domain and the
protease is activated by the repositioning of the loop that frees the binding–
site.
As for the ligand binding, the C–terminal valine (position 0) is important
for ligand recognition, which is done by the “carboxylate–binding loop” that
contains a conserved binding motive (R/K–XXX–GLGF) which forms a
hydrophobic cavity and is situated in the loop connecting the first two β–
strands. For PDZ2 of hPTP1E the first glycine in the binding motive is
replaced by the serine at position 17 and the phenylalanine is replaced by the
isoleucine at position 20, essentially changing the binding motive to K–XXX–
SLGI. In which the lysine acts as a neutralising agent for the charge of the
carboxyl–group, which belongs to residue 0 that forms the C –terminus of the
peptide, which also forms hydrogen bonds with the last three residues of the
binding motive. The residue at the −1 position of the ligand does not seem
to be of importance, whereas the residues at positions −2 needs to be a polar
residue to form a hydrogen bond with the conserved residues. Residue −3 is
crucial for the specificity of the different PDZ domains, the latter position
has direct contact to the binding groove, indicating its importance [31, 43].
In general, the last three to seven residues of the ligand are relevant for
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Figure 1.5: Residues showing changes in the dynamics of backbone and/or
side–chain methyls and/or structural changes upon binding of
the ligand [40]. The binding–site is shown in red and made up of
residues Leu18, Gly19, Ile20 from the carboxylate–binding loop,
Val22 from the second β–sheet and Val26 from the long loop and
the residues His71, Lys72, Val75 and Leu78 from the long α–helix.
Distal surface 1 (blue) is formed by Val61, Val64, Leu66, Ala69,
Thr81, Leu87 and Leu88 and distal surface 2 is formed by Ala39,
Val40, Ala45, Ala46 and Ile52.
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binding specificity but residues up to position −8 can influence the binding
specificity [4, 44].
Other factors that could influence the specificity include intradomain allostery
and the arrangement of several PDZ domains into a supramodular structure
[30].
Binding might also be influenced by other residues outside of the PDZ domain
binding pocket and by intradomain allostery and arrangement of multiple
PDZ domains in a supramolecular structure. Additionally, it is possible that
some ligands only become available for binding after activation, for example
upon phosphorylation, the C –terminus is released from the membrane and
thus made available to bind to the PDZ domain. Phosphorylation itself
can also act contrary by inhibiting the capability to bind the PDZ domain.
However, those factors would probably not be sufficient to explain the cellular
selectivity, if all potential ligands and all potential PDZ domains were available
at the same time, thus compartmentalisation probably plays a key role in
ensuring proper cellular function by ensuring that only the relevant PDZ
domains and ligands are expressed in one compartment [30]. In addition
to that, intracellular crowding may play a relevant role since it provides a
nonspecific force for macromolecular compaction [45].
The binding affinities for PDZ domains and their ligands cover a large range
from the low nanomolar to the high micromolar range [32]. Such moderate
values are adequate for regulatory functions since binding is reversible and
dependent on intracellular conditions [31]. Most commonly PDZ domains
interact with the C –terminal stretches of the target proteins but they can
also bind to alternative ligands besides internal β–hairpin motives. It is also
known that some PDZ domains can bind to phosphatidylinositol lipids [46].
This interaction between PDZ domains and lipid might be a mechanism
for phosphoinositide signaling and at the same time provide a regulation
mechanism for the localisation of PDZ containing proteins within membranes
[47]. According to the findings of Ivarsson et al. [48], the binding of lipid and
peptide act cooperatively which makes it necessary that the lipid–binding
pocket is distinct from the peptide–binding pocket.
Similarly and also in accordance with the energetic networks mentioned
previously, statistical coupling analysis of the PDZ domain family by Lockless
and Ranganathan [41] revealed that residues that are distant to the binding
site can be affected by the ligand and the same is true the other way a round
as mutations distant to the binding–site can affect the ligand binding both
by increasing or by decreasing the affinity for the ligand. Both relations can
be explained by the presence of a coupling network that functionally links
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distant parts of the PDZ domain.
PDZ domains can be modified by so called PDZ domain extensions, that
are structural elements which are placed immediately before or after the
canonical fold of the PDZ domain. These domain extensions are of functional
importance even though they are distal to the binding site. It is estimated
that more than 40% of PDZ domains have a domain extension, which can be
either folded or unfolded or they might even be part of an adjacent domain [49].
Since domain extensions are so common for PDZ domains this may help to
explain how the PDZ domains recognise the different C–terminal ligands.
This can be done in many ways, by stabilising the overall fold but also by
modulation of the function through an increase in the interface for the ligand
binding and/or through dynamic changes [30].
For example PDZ3, of PSD–95 has a C–terminal helix extension which does
not change the overall structure of the domain but the absence of the domain
extension reduces the thermodynamic stability of the domain and also reduces
the affinity to the C–terminal peptides [43, 50]. Entropy was shown to be the
main contributing factor by isothermal titration calorimetry. Further NMR
experiments showed that this is due to the dynamic response of the methyl
side–chains upon interaction with the ligand [50].
In general, there can be multiple roles associated with domain extensions,
a modulation of the target binding–affinity based on the protein dynamics,
providing a binding site for macromolecular assemblies, structural integration
of multi–domain modules and expansion of the ligand binding pocket [49].
It has already been mentioned that proteins can contain several PDZ domains
and also these domains can occur in combination with other domains. The
combination of two PDZ domains can be more than the bare combination of
two functional units but form a functional supramodule. For example, tandem
PDZ domains can also work as one functional unit where both domains show
a mutual dependence on each other, as it is the case with the GRIP PDZ4–5
tandem, where PDZ5 needs PDZ4 to fold [51]. Chang et al. [52] tested PDZ–
PDZ interactions of all mouse PDZ domains and came to the conclusion
that about 30 % of all mammalian PDZ domains participate in PDZ–PDZ
interactions, making those interactions more than an exception. Of course
there is also the possibility that flanking domains, like domain extensions,
affect each other through allostery or by physically blocking the access to
the binding pocket. Those interactions can occur between PDZ domains or
between a PDZ domain and a domain of a different type [30].
Since PDZ domains are a crucial part of so many important biological processes, such as the regulation of signal transduction and mediating membrane
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protein trafficking, they are obviously a potential drug target. Targeting
protein–protein interactions appears to be a good approach as it is potentially more efficient and safe than targeting an integral membrane protein.
The downside to this is that, so far targeting protein–protein interactions is
difficult due to the generally large and flat protein surfaces that are involved
in such interactions [53]. The binding site of PDZ domains serves as a good
example here, as it is relatively long and elongated and thus not suitable
for conventional small–molecule inhibitors and is probably better addressed
with peptide–like structures [30]. The problem of low affinity arising from
the shallow binding–site can be addressed by using dimeric inhibitors that
address both domains of a PDZ tandem domain where applicable [54]. This
of course does not alleviate the problem instability and delivery that is so far
associated with peptide drugs.
There have been multiple attempts to divide the PDZ domain family into
subgroups [31, 55].
Bezprozvanny and Maximov [55] grouped the PDZ domain family into subgroups based on the residues at two critical positions in the PDZ domain
fold, directly after the second β–strand and the first residue in the second
helix. Another way to classify PDZ domains is by the sequence of their ligand,
especially the residues at the crucial −2 and −3 positions [44].
The second PDZ domain of hPTP1E, the PDZ domain that is relevant for
this work, classifies as class I PDZ domain, since the serine at the −2 position
of the ligand coordinates to the conserved histidine 71 at the beginning of
the long helix, which is a characteristic of class I PDZ domains [31, 56].
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1.3 The Second PDZ Domain of hPTP1E
The reversible phosphorylation and dephosphorylation on tyrosine residues
of proteins plays a critical role in the control of cellular activities such as
cell growth, proliferation and differentiation [57]. These processes rely on the
counteracting activities of protein tyrosine kinases (PTK), responsible for
phosphorylation, and protein tyrosine phosphatases (PTP), responsible for
dephosphorylation. The interactions between PTKs, PTPs and other signal–
transducing molecules form signaling cascades in which phosphorylation and
dephosphorylation play key roles [58,59]. Both PTKs and PTPs can either be
located in the membrane or in the cytoplasm, also called receptor–type and
nonreceptor–type. Transmembrane PTPs have the structural organisation of
receptors and are thus attributed to the receptor–type group. The PTPase
relevant for this work, hPTP1E, is a nonreceptor–type PTPase that is located
in the cellplasm [59] and contains five PDZ domains [4] of which the second is
investigated in this work. The whole hPTP1E enzyme has a molecular weight
of 278 kDa and is composed of 2490 residues and was amongst others isolated
from a breast carcinoma cell line (ZR–75–1) [60]. Like it is the case for other
nonreceptor–type PTPs, hPTP1E contains the typical catalytic domain that
is located at the C–terminus of the sequence, the preceding long sequence
contains a leucine zipper, a band 4.1 homologous segment and the five PDZ
domains. These motifs suggest that the enzyme is localised at the interface
between the plasma membrane and the cytoskeleton.
The enzyme hPTP1E is also known as PTPL1, PTP–BAS or FAP–1 enzyme
[4]. The part of interest for this work, namely the second PDZ domain (PDZ2),
is formed by the residues 1361 through to 1456 of the sequence of the complete
enzyme. From this it follows that PDZ2 consists of 96 amino acid residues
with a molecular weight of 10 kDa (100 006.243 Da).
To put this work and the function of the PDZ2 domain into the bigger picture, the role of hPTP1E in the cell needs to be considered. It was previously
mentioned that protein tyrosine kinases and protein tyrosine phosphatases
play a critical role in the control of important cellular processes, including cell
growth and proliferation. Given that, it is easy to imagine that malfunction
of any of those enzymes can trigger the development of cancer and its progression [61]. The hPTP1E phosphatase is generally poorly expressed, especially
in breast cancer cell lines, but expression is upregulated by antiestrogens
such as Tamoxifen [62, 63]. Sato et al. [64] discovered the ability of hPTP1E
to interact with the death receptor Fas, which is why the enzyme is also
known as FAP–1 (fas–associated phosphatas–1). They also reported that the
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second PDZ domain is the primary mediator between the FAS receptor and
the hPTP1E enzyme and that hPTP1E acts as a negative regulator of FAS
mediated apoptosis, which means hPTP1E actually inhibits apoptosis [4, 64].
These findings have later been contradicted by the findings of Bompard et
al. [65] and Freiss and Vignon [61] who showed that hPTP1E is upregulated
by antiestrogens such as Tamoxifen and necessary for their growth inhibition. In fact, the absence of hPTP1E renders Tamoxifen–induced apoptosis
impossible.

Figure 1.6: Previously published reference structures (X-ray) of PDZ2 of
hPTP1E with and without ligand derived from RA-GEF2 (6
residues long) by Zhang et al. [6], free form is shown in brown,
complexed form with ligand is shown in blue.
The figure 1.6 shows the X–ray structures of the free and the bound form
of the PDZ2 domain as published by Zhang et al. [6] in superposition, the
pdb accession codes are 3LNX and 3LNY respectively. As it can be seen
from the figure, there are no visible changes in the backbone upon binding
of the ligand which makes the PDZ2 domain an ideal candidate for allostery
without conformational change, as proposed by Cooper and Dryden [14] and
previously described in section 1.1, where the changes in dynamics play the
key role for the transmission of information. The PDZ2 domain can thus be
seen as a good candidate to take a look at the stiffening of the side–chains
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in response to ligand binding.

Figure 1.7: Cartoon representation of the secondary structural elements together with the one–letter code primary sequence of PDZ2. Every
tenth residue is underlined to provide orientation. The secondary
structural include the residues that are given in brackets: β1 (6–
12), β2 (20–24), β3 (35–40), α1 (45–48), β4 (57–61), α2 (71–79),
β5 (84–90).
In figure 1.7 the primary sequence of PDZ2 together with an overview of the
secondary structural elements is given.
The next section will justify the need of multi–state structures to accommodate the different conformational states present. This is necessary to represent
the dynamical structure of the protein which is the core of this work (section
1.4). In the subsequent section, the method central to this work –the exact
NOE will– be introduced (section 1.5). The eNOE method allows for exact
measurements of atomic distances. The use of exact distances in structure calculation allows to separate the contributions of the different conformational
states present in the equilibrium.
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1.4 Conformational Averaging and
Multi–State Structures
In sections 1.1 and 1.2 the dynamics of the protein and especially that of
the side–chains was identified as a major player in allostery in general and
specifically for PDZ domains since they lack a significant restructuring of the
protein backbone upon ligand–binding. Dynamics can appear as unstructured
random motion or as structured motion where the protein or parts of it, down
to the level of single methyl groups of side–chains, switches between two or
more different but defined states. These motions can be on different timescales
mainly depending on the size of the moving group.
This section should illustrate why the presence of this motion requires the
use of more than one state to adequately represent the “real” protein by a
structure and thus work as a justification for the use of multi–state structures.
To illustrate the issue of conformational sampling and averaging, let us do a
gedankeneperiment to understand the influence of dynamics on the common
single state structures by looking at a simplified system of three atoms. The
system consists of atoms A and B that have fixed positions (fig. 1.8(a))
and atom C that populates states, where in one state it is closer to atom
A and in the other state it is closer to atom B, leading to the respective
measured eNOEs (fig. 1.8(b) and (c)). Figure 1.8(d) summarises the model
system comprised of atoms A, B and C, where the green ellipses represent
the positions that are occupied by the three atoms in the protein with atom
C having two possible positions since it switches between two states.
For this system one would measure eNOEs between atoms A and C and
between atoms B and C that would then be used (amongst many other
eNOEs, hopefully) as input for a structure calculation. What one measures
are actually averaged eNOEs since atom C does not have eNOEs to both
A and B at the same time and the averaged eNOEs represent an apparent
distance that is longer than the actual distance due to the averaging with
the other state that has no magnetisation transfer. This averaging appears
1
in the cross–relaxation rate as 6 –averaging
r
 
1
σ∝
(1.1)
r6
If one now calculates a single–state structure with those averaged eNOEs
atom C is positioned in the middle of the two positions it actually populates
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Figure 1.8: Introduction of the model system for understanding a two–state
structure where atom C has eNOEs to atoms A and B.
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Figure 1.9: Continuation of figure 1.8. Behaviour of the model system in a
single– and a two–state structure calculation using the averaging
eNOEs measured from the model system introduced in figure 1.8.
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(fig. 1.9(e) while the positions of A and B are biased towards each other in
order to reduce the violations of the used restraints (fig. 1.9(f)). Figure 1.8(g)
gives the atomic positions for the single–state structure calculation, where
the atoms are positioned within the red ellipses with atom C being in an
“unphysiological” position in between the two positions it actually populates
which is necessary to minimise the violations of the given restraints. Since
the diversion of the position of atom C from reality is so big atoms, A and
B are also drawn from their actual position to help reduce the violations. If
one looks at this model system as part of a bigger protein, one can easily
see that the whole structure can be severely distorted if there are multiple
cases of conformational averaging, which is very likely to be the case for a
biologically active protein.
If the system is now allowed to populate two states (see fig. 1.9(h)), only the
individual distances between the atoms have to fulfill the given restraints,
which means the restraints can now be fulfilled without distorting the whole
structure since this isConformational
representing the reality
more closely.and Averaging
Sampling
! Allowing two states
A

A

C

B

C

B

C

Figure 1.10: The red ellipses represent the positions occupied by the atoms
A, B and C in the single–state structure and the green ellipses
represent the positions of the atoms in reality and in the structure obtained from the two–state structure calculation. It is
obvious that both cases differ considerably and that the single–
state structure is not a good representation of the real dynamic
structure.
Figure 1.10 compares the atomic positions of the single–state structure (drawn
in red) with that of the two–state structure (black and green) and it can
be clearly seen that both cases differ significantly in the positioning of the
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atoms. For the case of this model system it is known that the structure
with two states accurately represents the “real” structure which makes it
obvious that especially the position of atom C in the single–state structure is
“unphysiological” since it is forced into an intermediate position between the
two positions it actually occupies. When imagining C as part of an amino
acid, it is established that the backbone can adopt different conformers but
the conformations between those are energetically disallowed [66]. Similarly,
the side–chains can also adopt different conformers but the side–chain torsion
angles are limited by steric hindrance, which is why forcing C to adopt an
average position between the two conformers it actually adopts is yielding
an unphysiological structure as a result.
From this gedankenexperiment it can be seen that restraints that involve
atoms with conformational averaging can only truly be fulfilled by a structure
with two or more states and since dynamics is an inherent property of all
proteins, as mentioned earlier in section 1.1 this applies to the whole world
of biologically active proteins. Depending on the extent of conformational
averaging present in the protein the effect of neglecting it can be more or less
severe if a single–state structure is used instead of a multi–state structure.
In most cases it will probably result in a loss of information while in some
cases it might actually lead to wrong conclusions.
However, there is one point about the multi–state structure calculations that
is important to keep in mind. The approach used here does not account for
different populations of the states but simply assumes that all states are
populated equally. Hence, for a two–state structure it is simply assumed that
half of the proteins populate state one and the other half populate state two,
1
this can be arbitrarily expanded to n states with
being the population of
n
each state.
While this assumption almost certainly is not true for most proteins, since
usually one state is favoured over the other and thus has a higher population,
this can at least partially be circumvented by calculating more states than
necessary and then grouping them to represent the populations, for example
if there are two states that are populated by one and two thirds calculating a
three–state structure where two of the three states should be similar enough
to be grouped into one state would do the trick, that would then be the state
with the higher population.
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1.5 Exact NOEs
The nuclear Overhauser effect (NOE) is inversely proportional to the 6th
power of the distance between the two spins that undergo the dipolar interaction [67]
1
N OE ∝ 6 .
(1.2)
r
And the time dependence of the peak intensities of a NOESY spectrum can
be described by the following differential equation that takes N spins into
account.
d
I(t) = −RI(t),
(1.3)
dt
where I is an N x N dimensional matrix that contains the spectral intensities
at the given mixing time t of all the diagonal peaks as the matrix diagonal
and the intensities of all the cross–peaks in the off–diagonal elements [68].
Similarly the relaxation matrix R also contains N x N elements. These are the
autorelaxation rates ρK of spin K on the diagonal and the cross–relaxation
rates σKL between spins K and L in the off–diagonal elements.
The cross–relaxation rate σKL is the carrier of the distance information, for
the homonuclear NOE between the two 1/2 spins K and L. σKL can be
described by the following equation [69, 70]
 µ  γ 4 h2
1
0
σKL =
(1.4)

6 [J(0) − 6J(2ω)]
2
4π 40π
rigid
rKL
where γ is the gyromagnetic ratio of the nucleus K, ω is the spectral frequency
of the nuclei, µ0 is the permeability of the vacuum and h denotes the Planck’s
rigid
constant. rKL
is the internuclear distances between the nuclei K and L in a
hypothetically rigid structure. Assuming isotropic molecular tumbling, which
is a valid assumption for proteins in aqueous solution, the spectral density J
can be expressed by [70]


6  1
τc
τtot
rigid
fast 2
fast 2
J(ω) = SKL
+ rKL
− SKL
2 (1.5)
6
2
1 + (τc ω)
rKL
1 + (τtot ω)
with

1
1
+
(1.6)
τtot
τc
τint
where τc is the rotational correlation time of the whole molecule and τint
is the correlation time for internal motion. The angled brackets denote a
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1

=

fast 2
Boltzmann ensemble average. SXY
is an order parameter for fast internal
motion.
*
 +2
2

6 4π X
mol
mol
Y
θ
,
φ
2q
rigid
XY
XY
(1.7)
SXY ≡ rXY
3
5 q=−2
(rXY )

In most cases the influence of anisotropic tumbling can be neglected as
discussed by Vögeli et al. [68]
For macromolecules at high magnetic fields the order parameter can be rewritten as [71]


6  1 
1
rigid
2
fast 2
fast 2
SKL
= SKL
+
rKL
−
S
.
(1.8)
KL
6
rKL
1 + τc /τint
If the internal motion is much faster than nanoseconds (τint << τc ) the order
2
fast 2
parameter is reduced to the order parameter of fast motion SKL
= SKL
.
If the motion is much slower than the molecular tumbling (τint >> τc ) the
order parameter becomes independent of angular coordinates
 
6 1
2
SKL
= rrigid
.
(1.9)
r6
From this it follows that the NOE is a time– and ensemble–averaged observable. Accordingly, it contains both structural and dynamical information [72]
and can thus be used to map both [73].
The easiest and most common way for extraction of distances from the measured cross–relaxation rates is from equation 1.4 using the assumption of a
fast 2
rigidmolecule,
 which means the order parameter is assumed to be SKL = 1
1
1
 . This means that motional effects are absorbed into
and
= 
6
rigid
rKL
r
KL

ef f
the distance which therefore has to be replaced by an effective distance rKL

σKL =

 µ  γ 4 h2
τc
0

 .
4π 40π 2 ef f 6
rKL

(1.10)

Typically, distances derived from NOE measurements are used as upper limit
distance restraints for structure calculation instead of using exact average
values [74]. This is due to the fact that the measurement of NOEs is influenced by spin diffusion [73, 74], a low signal–to–noise ratio and also technical
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limitations.
Vögeli et al. [73] developed a method for structural and dynamical studies of
proteins based on exact measurements of homonuclear nuclear Overhauser
enhancement (eNOE). In order to convert these eNOEs into exact distances
that can then be used for calculating a protein’s structure, NOE buildup
series are measured from which the cross–relaxation rates can be extracted.
These rates together with the rotational correlation time τc are needed to
extract spin–spin distances from NOEs. For spin–pairs with two buildup
curves present (bidirectional NOE = bNOE) the accuracy of the extracted
distances can be improved by averaging and additionally an upper limit for
the experimental error can be determined [73].
NOE–derived effective distances up to 5 Å are in excellent agreement with X–
ray structures and NMR structures obtained with the conventional protocol
(NOEs as upper distance limit restraints). Longer distances (>5 Å) that
resulted from weaker NOEs were usually underestimated, likewise secondary
structure elements and whether the distance is derived from NOE between
consecutive or non–consecutive residues also have an effect on the quality of
the distance estimation [73]. Initially developed on a perdeuterated sample,
this method was subsequently extended to double–labelled samples, which
are more difficult to handle due to the strong contribution of spin diffusion to
the NOESY cross–peaks that has to be corrected in order to obtain accurate
NOE rates and thus reliable distance information [68]. The procedure used in
this work, including the extraction of distances via the program eNORA, is
described by Vögeli et al. [75, 76] and summarised in [77]. Figure 1.11 shows
an exemplary buildup that is used to extract the cross–relaxation rate that is
then converted to the exact distance restraint. The buildup shown belong to
the NOE between HB3 of His71 and HN of Lys72, both residues are situated
at the binding–site as part of the long α–helix. Shown are the buildups for
both directions for the apo form and the complex, which means this is a
bidirectional NOE for both cases.
Distance restraints derived from eNOEs have an error that is small enough to
enable the calculation of multi–state structures that have been shown to be
in good agreement with structures determined with X–ray or the “classical”
NMR protocol [76].
The exact protocol for multi–state ensemble structure calculation with eNOEs
is described by Vögeli et al. [78]. An detailed overview over the theory behind
the eNOE and their use in the calculation of structural ensembles was given
by Vögeli [79]. Ensemble–based structures derived from eNOE data have also
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Figure 1.11: Exemplary buildups for the NOE between HB3 of His71 and HN
of Lys72. Since both diagonal– and both cross–peaks are present
in this case, it is a bidirectional eNOE, a so–called bNOE. The
green curves represent the case where magnetisation starts off
on HB3 of His71 and is transferred to HN of Lys72, while the
red curves represent the opposite case where the magnetisation
is transferred from HN of Lys72 to HB3 of His71. The top panel
shows the curves for the apo form and the bottom panel shows
the corresponding curves for the complex. Note the difference
in the y–axis.
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been shown to be a valuable tool for the understanding of the function of
a protein by elucidating the covered conformational space [80]. The quality
and accuracy of structures calculated from eNOE data was also confirmed by
Vögeli et al. [81, 82]. These findings were confirmed by subsequent work [83].
Furthermore it was shown that eNOE are a useful tool to determine stereospecific assignment without the need for additional experiments or the preparation of additional samples [84].
Besides the use of bidirectional eNOEs, the initial exact NOEs, the eNOE data
set was further extended by eNOE where only one diagonal peak could be used.
Their accuracy and validity for structure calculation using an error margin of
15 to 20 % was confirmed by Strotz et al. [85]. For larger proteins that show
an increased number of unresolved diagonal peaks the eNOE method was
further extended to generate eNOE restraints by using generic intensities for
the missing diagonal peaks [86].

42

2 Results and Discussion
2.1 The Structure of the Free PDZ2 Domain
Figure 2.1 shows the 2D 1 H–15 N HMQC spectrum of the uniformly 13 C– and
N–enriched PDZ2 domain from hPTP1E. The spectrum exhibits a good
signal dispersion, which is characteristic for a well–folded and β–sheet rich
protein. The backbone NMR signal assignment was determined using heteronuclear HNCA, HN(CO)CA and HNCACB experiments. Side–chain assignments were performed using HCCH–TOSCY, 1 H–1 H–TOCSY and [15 N,13 C]–
resolved [1 H,1 H]–NOESY spectra.
Additional 65 3 JHN Hα coupling constants [87], 5 3 JNCγ and 5 3 JC’Cγ aromatic coupling constants [88] and 55 3 JHα Hβ coupling constants [87] and
29 stereospecific assignments of prochiral protons or methyl groups (with
GLOMSA [89]) were obtained.
All NMR experiments are described in more detail in section 4.2.

15

Figure 2.1 shows the 2D 1 H–15 N HMQC spectrum of the PDZ2 domain and
figure 2.2 shows two strips from the 3D 15 N–resolved NOESY spectrum.
In total 94 % of all proton resonances could be assigned, for α and β protons
all resonances could be assigned.
Figure 2.3 shows the single state eNOE structure of PDZ2 that was obtained
from 1236 upper and lower distances restraints, of which 437 were derived
from bidirectional eNOEs, distance restraints were obtained with eNORA [90]
(see also section 4.2). In addition, a total of 65 3 JHN Hα coupling constants
[87], 5 3 JNCγ and 5 3 JC’Cγ coupling constants [88] and 55 3 JHα Hβ coupling
constants [87] were used. In total 29 stereospecific assignments were obtained
from GLOMSA [84, 89] and 4 stereospecific assignments were obtained based
on structural considerations for asparagine HD21 and HD22 and glutamine
HE21 and HE22. The RMSD value with respect to the secondary structure
elements is 0.32 ± 0.07 Å for backbone heavy atoms and 0.78 ± 0.11 Å for
all heavy atoms with respect to mean and the overall target function for 20
conformers is 36.46 ± 0.43 Å2 . The target function is used as a measure of
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Figure 2.1: 2D 1 H–15 N HMQC spectrum of uniformly 13 C– and 15 N–enriched
PDZ2 domain from human protein tyrosine phosphatase 1E. The
spectrum was acquired at 298 K in 50 mM phosphate buffer (pH
6.8) and 0.15 M NaCl with a protein concentration of 2 mM.

44

Wed Dec

70ThrH
26Val(Hg1*/Hg2*) 70ThrN
2*

1

1

28ThrH,Hg2*,N
70ThrH,Hg2*,N
70ThrH
69AlaHb*
70ThrN
16AsnH 13LysHb3 16AsnN

16AsnH 13LysHb2 16AsnN

70ThrH 73GlnHb3 70ThrN
70ThrH 73GlnHb2 70ThrN
16AsnH 15AspHb2 16AsnN 70ThrH 73GlnHg* 70ThrN
16AsnH,Hb2,N
16AsnH 15AspHb3 16AsnN
28ThrH 27AsnHb2 28ThrN
16AsnH,Hb3,N

2

3

28ThrH 27AsnHb3 28ThrN
~ 28ThrH,Hb,N
70ThrH 73GlnHa 70ThrN
16AsnH,Ha,N

4

1H [ppm]

70ThrH 69AlaHa 70ThrN

70ThrH,Hb,N
5

28ThrH,Ha,N

6

28ThrH,H,N

16AsnH 17SerH 16AsnN
16AsnH 14AsnH 16AsnN

7

28ThrH 70ThrH 28ThrN
70ThrH 73GlnH 70ThrN
70ThrH 69AlaH 70ThrN

8

70ThrH,H,N
70ThrH 74AlaH 70ThrN
16AsnH,H,N

28ThrH 27AsnH 28ThrN

110.55
9.0

9

111.44
8.5

8.0

7.5

10

9

Wed Jan

8

1H [ppm]

Figure 2.2: 2D 1 H–1 H strip from the 3D 15 N–resolved NOESY spectrum
of uniformly 13 C– and 15 N–enriched PDZ2 domain from human
protein tyrosine phosphatase 1E. The spectrum was acquired at
298 K in 50 mM phosphate buffer (pH 6.8) and 0.15 M NaCl with
a protein concentration of 2 mM.
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Figure 2.3: eNOE structure of the free form of PDZ2, RMSD with respect to
the secondary structure elements is 0.39 ± 0.11 Å for backbone
and 0.76 ± 0.12 Å for all heavy atoms with respect to mean.
Target function for 20 conformers is 32.43 ± 0.49 Å2 . Secondary
structural elements and the termini are labelled, the residues
forming the corresponding secondary structural element are given
in brackets: β1 (6–12), β2 (20–24), β3 (35–40), α1 (45–48), β4
(57–61), α2 (71–79), β5 (84–90).
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violations of the calculated structure of the experimental input data.
In figure 1.7 an overview of the secondary structural elements and the primary
sequence of PDZ2 is given.
Figures 2.4 and 2.5 illustrate the statistics of the distance restraints used for
the calculation of the structure given in figure 2.3.
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Figure 2.4: Statistics of the structure calculation by CYANA [89, 91–94].
Shown are the number of eNOE derived distance restraints versus
100
the range of residues covered by the eNOE, the large number of
long–range (with |i − j| > 4) eNOEs is due to the globular fold of
the PDZ2 domain, the accumulation of eNOEs around 80 residues
is due to the fact that the N– and the C –terminus of PDZ2 are
80
close in space (see also figure 2.3).
In figure 2.4 the range that is covered by the eNOE restraints is shown. As
60
expected there is a strong contribution of short– and medium–range restraints.
The remarkably large number of long–range restraints is due to the fold of the
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Figure 2.5: Statistics of the structure calculation by CYANA [89,91–94]. The
number of eNOEs per residue is shown, where the intra–residual
and sequential eNOE restraints are depicted in white (|i − j| ≤ 1),
the medium–ranged (1 < |i − j| < 5) eNOE restraints in grey and
the long–ranged (|i − j| ≥ 5) eNOEs in black. Each restraint is
counted once for each residue involved.
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PDZ2 domain, where the spatial proximity of the N– and C–termini account
for the considerable amount of restraints with a range of 80 residues and
the peaks for ranges of around 20 and 40 residues can be explained by the
globular fold which brings the β–strands close together.
That information is pictured in more detail in figure 2.5, where the restraints
for each residue are classified in intraresidual, short–, medium– and long–
ranged restraints. There are no regions of the protein that have no information from measured data, especially the regions relevant for binding, the
carboxylate binding–loop (residues 17 through 20) and the long α–helix along
the binding site (residues 71 through 79), show a high data density, both for
intraresidual and for short– and medium–ranged distance restraints.
The same information as in figures 2.4 and 2.5 is contained in figure 2.6 that
shows the network that is formed by the eNOE restraints on the structure
resulting from the calculation with the aforementioned restraints. From this
figure it is easy to see that the whole protein is covered by the network of
eNOE restraints, including the side–chains on the outside of the fold, the
loops and the core of the PDZ2 domain fold is also spanned by a dense
network of eNOE restraints. The structure was calculated from the shown
1235 eNOE derived restraints of which 437 were derived from bidirectional
NOEs (bNOEs) and the coupling constants as previously mentioned.
The structural statistics are given in table 2.1.
Table 2.1: Structure statistics of the single state structure of the PDZ2 domain from human protein tyrosine phosphatase 1E (hPTP1E).
restraints for structure calculations
Total eNOE restraints

1235

bNOEs

437

intraresidual

568

sequential (|i − j| = 1)

277

medium range (1 < |i − j| < 5)

128

long range (i − j ≥ 5)

262

Total dihedral angle restraints

205

3

JHN Hα scalar couplings

65

3

JNCγ aromatic scalar couplings

5

3

JC’Cγ aromatic scalar couplings

5
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Table 2.1: Structure statistics of the PDZ2 domain from human protein
tyrosine phosphatase 1E (hPTP1E).
3
JHα Hβ scalar couplings
55
Cα chemical shifts

75

stereospecific assignments

35

13

from GLOMSA

23

Asn HD and Gln HE

4

Val and Leu methyls from fractional labeling

8

statistics for structure calculations
target function [Å2 ]

32.43 ± 0.49

backbone rmsd for 2 structure elements [Å]

0.39 ± 0.11

heavy atom rmsd for 2 structure elements [Å]

0.76 ± 0.12

◦

◦

distance constraint violations (> 0.5 Å)

15

of which upper limits

10

of which lower limits

5

coupling constant constraint violations
heavy atom coupling constant constraint violations

21
0

Ramachandran plot statistics (%)

50

residues in most favoured regions

73.4

residues in additionally allowed regions

22.9

residues in generously allowed regions

1.9

residues in disallowed regions

1.8

Figure 2.6: Network of all eNOE derived restraints (red) used for all the free
form structures depicted on one conformer of the single state
structure. Especially the core of the fold is densely covered by
the network. The structure includes pseudo atoms since not all
assignments could be done ambiguously.
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Since it is the aim of this work to determine a multi–state ensemble that
represents the structure better than a static single–state structure the structural statistics generated by the single–state structure calculation can provide
hints as for where to look for the presence of additional states. Figures 2.7
to 2.9 show a graphical representation of the statistics associated with the
target function of the single–state structure.
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Figure 2.7: Contribution of each residue to the target function. Residues
0.05
leucine 18, isoleucine 20, serine 21, lysine 38, glutamic acid 76,
leucine 78 and leucine 89 show an outstanding contribution to
0.04
the target function.
0.03

Restraints

The
0.02first figure 2.7 shows the contribution of each residue to the target
function, notable here are the large contributions of the residues leucine 18,
0.01
isoleucine 20, serine 21, lysine 38, glutamic acid 76, leucine 78 and leucine 89
to the
0 target function. Of the aforementioned residues Leu18 and Ile 20 are
20
80
directly involved in ligand
binding 40
as they
belong60to the carboxylate–binding
Sequence
loop, that is followed by Ser21. Glu76 and Leu78 belong to the α–helix that
forms
one side of the binding site. Lys38 belongs to the third β–strand and
50
Leu89 to the fifth and last third β–strand. The long, structured loop between
40
glycines
24 and 34 shows a medium high contribution to the target function
per residue. It is noteworthy here that this loop is flanked by two glycine
pairs30 (24/25 and 33/34) that allow for a large conformational flexibility by
acting
as “hinges”, a topic that will be addressed further later on.
20
The large contributions of some residues to the target function can either
10
be associated
with one or more restraints that is/are strongly violated and
possibly
wrong
or they can be due to the fact that the restraints attributed to
0
20

40

60
Sequence

52

80

TF

those residues actually represent the average conformation that is measured
by 0.8
the NMR experiment instead of the actual two or more conformations
that are populated by the given residue or possibly the whole structure (see
also0.6section 1.4 of the introduction). The large contributions to the target
function of the previously mentioned residues can possibly be rationalised
0.4
by their
involvement in ligand binding and signal propagation that follows
the event of ligand binding. This will be addressed further in the following
0.2
section
2.1.2 about the two–state structure of the apo form of PDZ2 and
in the section about the structure of the complex of PDZ2 with its ligand
0
(section
2.3).
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Figure
50 2.8: Contributions to the target function per restraint and per residue.
Noteworthy here are the residues serine 17, serine 21, glycine 50
40
and glycine 68.
30

The second figure 2.8 gives further details by breaking down the contribution
20
of the
individual residues to the target function into the contribution of restraints
for each residue to the target function. Again there are some residues
10
whose contribution stands out from the rest. There are several residues show0
ing outstanding
contributions, these include Asn14, Ser17, Ile20, Ala39, Gly50,
20
60
Gly68, His71 and Glu
76 and the40C –terminus.
The previously80 highlighted
Sequence
residue Glu76 still stands out while the large contribution of leucine 89 can be
explained by the large amount of restraints available for this residue (see also
figure 2.9). Also, residues Val26, Asn27, Val30 and Arg31 from the structured
loop between residues 24 and 34 show a considerable contribution to the
target function per restraint. This fact will also be discussed further in the
following section 2.1.2.
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Finally, the third figure 2.9 gives the number of restraints per residue, where
a restraint between two atoms contributes equally to the number of restraints
of both atoms, i.e. 0.5 per atom contributing to the NOE. In this figure it is
visible that the eNOE derived restraints are distributed pretty well over the
protein. Even the regions with high contributions to the target function, both
on a per residue and per restraint basis, have a good data coverage. This is
a good basis for a multi–state structure determination, since it is less likely
to fall prey to a small number of possibly wrong restraints that would lead
to a wrong structure.
As already mentioned, large contributions from individual residues or restraints to the target function can either stem from the fact that there are
wrongly assigned restraints or that the information measured by NMR and
mapped by the restraints is only an average of two or more states with considerable structural differences. Therefore, residues showing a large contribution
to the target function in the single state , which is equivalent to a strong
violation of the restraints, indicate the need for a possible multi–state structure (see also sections 1.5), since restraints that cannot be fulfilled by a single
state structure might be (better) fulfilled by a two– or three–state structure
that represents the conformational landscape populated by the protein better
than the average conformation, unless of course the violations stem from a
single restraint that is simpley wrong. A good data coverage over the whole
sequence of the protein helps to avoid falling prey to a small member of wrong
assignments.
Figure 2.10 compares the single state eNOE structure of the PDZ2 domain
to two previously published reference structures. On the left panel the eNOE
structure is compared to the X–ray structure of the apo form that has been
published by Zhang et. al [6] (pdb accession code: 3LNX). In general there
is a good agreement between the two structures, especially the parts of the
protein that surround the binding site are in good agreement, only the carboxylate binding loop shows a change in positioning but the shape remains
the same. The small differences between the eNOE and the X–ray reference
structure might be easily attributed to the different experimental conditions
in solution and the crystal.
In contrast to that stands the comparison of the eNOE structure with the
previously published NMR reference structure by Kozlov et al. [4] (pdb accession code: 3PDZ) where the position of the long helix, that forms one side
of the binding site differs as well as the shape and positioning of the carboxylate binding loop. Differences between the two structures might arise from
possible assignment errors and/or incomplete assignment. In this context it is
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also relevant that the NMR data for the reference structure was acquired on
a 500 MHz spectrometer without a cryoprobe, which means less sensitivity.
For both comparisons the structures have been aligned with respect to the
secondary structural elements to avoid that the alignment would be distorted
by the tails and the loop regions.
The 1 H–15 N heteronuclear NOE values in figure 2.11 show that, overall, the
PDZ2 domain is rather rigid, with some exceptions, apart from residues
close to the tail leucine 18 , alanine 60, serine 65 and threonine 81 show an
increased backbone flexibility in the fast motion range. In contrast to that,
the backbone of residue lysine 54 is most likely a measurement artifact since
hetNOEs cannot be larger than 0.86. Leucine 18 is part of the carboxylate
binding loop and participates in ligand recognition. In consideration of that
fact, more flexibility makes sense as the loop needs to be able to accommodate
the C –terminus of the ligand. Threonine 81 is part of one of the two distal
surfaces that are linked to the binding site and affected by binding as proposed
by Fuentes et al. [38]. Alanine 60 and serine 65 point to the outside of the
domain, away from the binding site. In that way they possibly represent a
link to other domains of the enzyme. The great flexibility of the C –terminus
is well explained by the inherent flexibility of the termini of proteins.
The ratio of the two relaxation constants T1 and T2 is plotted in figure 2.12.
This plot reveals that increased slow motion is present for the long structured
loop (residues 24 through 34) that forms the lower end of the binding site and
is flanked by two glycine pairs, as previously mentioned, that are substantial
to render extensive motion possible. Intuitively one would expect that the
amplitude of motion increases to about the middle of the flexible loop and
then decreases again back to a normal level towards the end of the loop. Here
it is interesting to note that some of the residues do not conform with that
expectation. One of these residues is glycine 24, which, as starting point of the
long loop does not show an increased contribution from exchange dynamics
on the slow motion time–scale with respect to the rest of the protein.
In contrast to that stands glycine 34, which is the end of the flexible loop,
which shows a very high amount of slow motion, the second highest value of
the measured data.
Also of interest here is that residue valine 26 does not show an increased
flexibility compared to the rest of the protein although it is located in the
flexible loop, while isoleucine 35 shows a slightly increased amount of slow
motion even though it is a the start of the β–strand immediately after the
flexible loop. For isoleucine 35, a possible explanation for this fact could
be that its side–chain points towards the lower end of the binding site and
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possibly acts as some kind of “crash barrier” that helps to guide the ligand
to the correct binding position that covers the whole range of motion in the
unbound form. A circumstance that remains elusive is the decreased flexibility
for valine 26 and glycine 33, since they are both part of the loop that is moving
as can be seen in the two–state structure 2.15. The “unexpected” behaviour
of residues 26, 33, 34 and 35 can possibly be explained by the shape and
behaviour of the loop in the two–state structure (see figure 2.15). While a
R2
large
shows the presence of slow motion a small ratio does not necessarily
R1
prove the absence of slow motion but can also be explained by similar chemical
shifts.
It is also worth to note that residue asparagine 16 shows the highest amount of
flexibility. This is most likely associated to the ligand binding process, as that
motion vanishes upon ligand binding which will be seen later (see also 2.3).
Unfortunately, data for leucine 18, which is part of the carboxylate binding
loop, is missing the data, so no conclusions about its dynamic behaviour
can be drawn here. It is important to keep in mind that the absence of an
exchange contribution to transverse relaxation does not imply that dynamics
do not play a role in that part of the protein.
These findings about the dynamics on the µs–ms time scale are also supported
by the findings of Fuentes et al. [38].
Based on the presence of large amounts of slow motion (µs–ms time scale)
in the loop region it seems valid to release the bundling conditions for the
region between residues 24 and 34 for the multi–state structure calculations
since bundling restraints might prevent the proper separation of two states.
This topic will be addressed further in the next section 2.1.2.
Fuentes et al. [39] investigate the dynamical intramolecular communication
“pathways” that lead to the propagation of information upon the event of
ligand binding to protein parts distal to the binding site and possibly also to
other domains of the enzyme. Amongst others they looked at the side–chain
methyl order parameters and reported the following methyl groups to have
an order parameter of S 2 ≤ 0.5: Ile6δ1 , Leu11δ2 , Ile20γ2 , Ile41δ1 , Val64γ1 ,
Leu78δ2 and Leu87δ1 . Of the residues mentioned, Ile20 also stood out in the
previously made considerations about the target function and restraints. Also,
the order parameters for the methyl groups of Val26, Val30 and Leu89, that
stood out before as well, show an increased amount of fast motion on the ps–ns
time scale, as indicated by the order parameter. Of the outstanding residues
Ala 39, Ala45 and Ile52 also appear in the structural network described by
Dhulesia et al. [40]. Whether this dynamics is captured by the multi–state
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structure will be illuminated in the next sections 2.1.2 and 2.1.3.
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Figure 2.9: Number of eNOE restraints per each residue, where a restraint
between two atoms contributes 0.5 restraints to each of the two
atoms involved in the NOE.
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Figure 2.10: Left: Superposition of eNOE structure of free PDZ (brown) with
X–ray reference structure of free form of PDZ (blue) published
by Zhang et al. [6]. The long helix flanking the binding site is
in good agreement for both structures, as is the shape of the
carboxylate binding loop.
Right: Overlap of eNOE structure of free PDZ (brown) with
NMR reference structure of free form of PDZ (green) published
by Kozlov et al. [4]. Note the differences between the two structures with respect to the long helix adjacent to the binding site
and the carboxylate binding loop.
In both cases the structures have been aligned with respect to
the secondary structural elements.
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Figure 2.11: Backbone amide 1 H–15 N heteronuclear NOE values of each
residue of the apo form of PDZ2. Heteronuclear NOEs are a
measure of fast motion.
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Figure 2.12: Ratios of backbone amide relaxation rates R2/R1 of PDZ2. The
ratio of the relaxation rates is a measure for the presence of slow
motion in the backbone.

61

2.1.1 Justiﬁcation for Multi–State Structure
Since there are several indications that a multi–state structure would fulfill
the restraints better and be a more accurate representation of the “real”
protein structure the number of states necessary needs to be determined.
These indications include the presence of extensive motion on the slow µs–ms
time scale as detected by the relaxation measurements given in figure 2.12
for the residues 24 through 34 in the loop between the second and the third
β–strand and the carboxylate binding loop (preceding the second β–strand)
and the non–uniform distribution of the violations of the restraints across the
sequence. Also regions with increased contributions to the target function
are close to the binding site, these are the long helix that forms one side of
the binding site, and the carboxylate binding loop.
Another, although weaker indication, for a multi–state structure for PDZ2
is the fact that the overall backbone structure of the PZD2 domain does
not seem to change significantly upon ligand binding, as already mentioned
in section 1.3. Since ligand binding does have an effect on the function of
the protein, there must also be an effect on the domain that mediates the
interaction. If that effect is not reflected in a clearly visible change of the
protein structure, it is most likely contained in the dynamic information that
is also “hidden” in the structure and can be accessed by looking at the two–
and three–state structures. In general, more states are also possible but not
necessarily useful.
To decide on the number of states that are necessary and useful, respectively,
to describe the structure, structure calculations for up to 14 states were
performed.
Figure 2.13 shows the evolution of the target function when increasing the
number of states from a single–state structure to up to fourteen states. Note
here the initial strong decrease of the target function when going from one
to two states, this behaviour is in accordance with the expectations one has
for a structure with conformational averaging as mentioned in section 1.4.
There is also an albeit smaller decrease of the target function when going
from two to three states, afterwards the curve reaches a plateau. Towards
higher number of states the curve starts to increase slightly as the system
starts to become underdetermined since an increase of the number of states
is no longer supported by the data.
In general, it would be sufficient to increase the number of states until the
value of the target function reaches a plateau. For PDZ2 seven states, as shown

62

TF @Å2D

30

25

20

15
2

4

6

8

10

12

14

nb.states
Figure 2.13: Plot of the evolution of the target function when increasing the
number of states populated by the protein from a single–state up
to fourteen states. The increase of the TF for a higher number
of states is due to the underdetermination of the system by the
experimental restraints for higher number of states. The fact
that the values for the target function increase for five or more
states is probably owing to bad convergence of the structure
calculations with higher number of states.
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in figure 2.14. Given that figure, a two– or three–state ensemble structure
seems to be the most promising choice and both cases will be investigated
further in the following sections 2.1.2 and 2.1.3.
Table 2.2: Distance restraint violations for the one–, two– and three–state
structures of the apo form of the PDZ2 domain from human
protein tyrosine phosphatase 1E (hPTP1E). The cut–off value
was set to 0.5 to capture the strongly violated restraints.
single state structure
TF 32.43 ± 0.49 Å2
upper distance restraint violations:

mean [Å] (max [Å])

Asn14 HB3 – Asn16 H

0.47 (0.60)

Ile20 HB – Ser21 H

0.73 (0.76)

Ser21 H – Ala39 H

0.55 (0.63)

Val26 HB – Asn27 H

0.63 (0.76)

Val37 H – Asp56 H

0.51 (0.71)

Asp49 HB3 – Gly50 HA3

0.60 (0.72)

Ile52 HB – Ile52 QD1

0.54 (0.55)

Val58 H – Val58 HB

0.24 (0.53)

Glu67 HA – Gly68 H

0.74 (1.12)

Glu76 H – Glu76 HG3

0.66 (0.77)

lower distance restraint violations:
Ile20 QG1 – Ser21 H

0.65 (0.69)

Gly55 H – Asp56 H

0.67 (0.78)

Leu78 HA – Leu78 HG

0.45 (0.59)

Gln 83 HA – Gln83 QG

0.44 (0.73)

Ser94 HA – Pro95 HD3

0.38 (0.55)

two–state structure
upper distance restraint violations:
Asp49 HB3 – Gly50 HA3

TF 17.39 ± 0.46
mean [Å] (max [Å])
0.50 (0.62)

lower distance restraint violations:
Ile20 H – Ile20 QG1
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0.68 (0.73)

Table 2.2: Distance restraint violations for the one–, two– and three–state
structures of the apo form of the PDZ2 domain from human
protein tyrosine phosphatase 1E (hPTP1E).
Ser94 HA – Pro95 HD3
0.39 (0.52)
three-state structure
upper distance restraint violations:
Asp49 HB3 – Gly50 HA3

TF 15.59 ± 0.46
mean [Å] (max [Å])
0.52 (0.58)

lower distance restraint violations:
Ile20 H – Ile20 QG1

0.51 (0.53)

Thr96 H – Thr96 QG2

0.47 (0.53)

Table 2.2 gives an overview of the strong distance violations in the one–,
two– and three–state structure of the apo form of PDZ2. The cut–off value
for the violations was set to 0.5 Å. While the single–state structure has 10
violations of upper distance limit restraints only one of these persists in the
two– and three–state structures. Many of the lower–limit distance restraints
also disappear. The comparable large amount of violations of lower–limit
distance restraints might be related to the fact that the cross-relaxation rate
σ has a symmetrical tolerance which results in an asymmetric error in the
distance r. This problem could be addressed by using an asymmetric error,
but this is a topic that goes beyond the scope of this work and should be
addressed further in a different work.
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Figure 2.14: Plot of the evolution of the target function when increasing the
number of states populated by the protein from a single state
up to seven states.
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2.1.2 Two–State Structure
Since it is the purpose of this work to obtain a multi–state structure of the
PDZ2 domain, next the two–state structure shall be presented. The reasoning
for the use of multiple states has already been given in the previous section
but the arguments will again be brought up.
The distinctive drop of the target function upon increasing the number of
states from one to two emphasises again the importance of considering two
states.
Justified by the relaxation behaviour showing extensive slow motion in the
loop between residues 24 and 34, the bundling constraints for that part of
the protein were removed to enable the system to populate two states freely.
Figure 2.15 shows the thus obtained two–state structure with the separation
performed with respect to the said loop. It can be seen that the blue state
forms a tight bundle whereas the red state is much more flexible and covering
a broad spatial range. This is an indication that the system might populate
more than two states and the more flexible state will split up into two states,
this will be investigated further in the next section 2.1.3.
The two–state separation obtained with respect to the lower loop also propagates to the second β–strand and the long α–helix flanking the binding site.
The separation also propagates to the third and the fourth β–strand that
are not located directly at the binding site. This fact also gives a possible
explanation why the previously reported structures yield no clear structural
differences between the free and the bound from of the PDZ2 domain, since
loops often tend to be underdetermined by data, which is not the case here.
It is also worth to take a look at the statistics of the two–state structure
calculation, especially in comparison to the single–state structure. Since the
restraints, as they are experimental data, do not change, the number of restraints in total, per residue and their distribution is equal to the those of
the single–state structure calculation presented in figures 2.4 and 2.5. The
restraints do not change but instead of requesting one structure to fulfill all of
them, only the average of the two states needs to fulfill the restraints, which
is more easily achieved given the values of the target functions.
Since the overall target function has been reduced drastically for the two–
state structure with respect to the single–state structure it is to be expected
that the contributions of the residues to the overall target function have
decreased as well, this can be seen in figure 2.16. Note here that the range
of the y–axis is different.
For all residues there are less restraints violated in the two-state structure,
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Figure 2.15: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34), for each state 20
conformers are shown as Cα–trace. It can be seen that the blue
state is rather tightly structured, whereas the red state is much
more flexible, covering a broad spatial range with its motion.
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especially for Asn14, Leu18, Ser21, Val26, Val30, His71 and Glu76. This indicates that the residues are important players within the domain. For the two
valines 26 and 30 mentioned, this also reflects the strong dynamics present
in these residues as reported by Fuentes et al. [39] is better accommodated
by the two–state structure.
It is interesting to note here that the contribution to the target function of
Ile20 relative to the other residues actually increases when going from one to
two states.
The picture is the same for the trend of the decrease of the target function on
a per restraint bases as shown in figure 2.17. Most residues show a decrease
in the target function contribution per restraint, except for the C –terminal
residues, which is probably an artifact. The distribution of violations becomes more even across the domain. This is an indication that the two–state
structure represents the reality better than the single–state structure. For
Gly68 the violations decrease significantly in comparison with the majority
of the residues. The other residues with strong violations in the single–state
structure that were identified from figure 2.7 also show a distinctive decrease
in violations albeit the effect is not as strong as for Gly68. In the following
the effects of the two states on the affected side–chains and others will be
looked at.
For both figures (2.16 and 2.17) the loop between glycines 24 and 34 shows a
strong decrease of the violations, which is in accordance with the two states
presented earlier.
The figure 2.18 shows the contribution of each residue to the target function
for both the single– and the two–state structure so it can the changes happening when going from one to two states can be easily seen. Glutamic acid
76 experiences the greatest reduction of the target function, the contribution
to the overall target function drops from almost 1 to about 0.1. The other
residues with outstanding contributions in the single–state structure also
show reductions. There are still residues that show outstanding contributions
to the target function in the two–state structure, such as Asn14, Leu18, Ile20,
Lys38, His71 and Leu78, these act as an indication that there might be more
than two states hidden.
The information from figure 2.18 is further detailed in the next figure 2.19, in
which the contribution to the overall target function is given per restraint per
residue. In this representation it can be seen that most residues experience
a strong reduction of the per restraint contribution to the target function
once the second state is introduced. This is a good indication that residues
with previously strong violations populate more than one state, since the

69

restraints can be better fulfilled by the two–state structure. The fact that the
violations for the three C –terminal residues 94 through 96 actually increase
in the two–state structure in relation to the single–state structure is most
likely an artifact that should certainly not be overinterpreted.
Since this work aims to shed a light on the dynamics of the PDZ2 domain,
the effect of a two–state structure on the residues that have previously been
identified as potential players will be investigated further.
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2.16: Contribution of each residue to the target function. Only the
0.06
sequential numbering for the first state is shown since the values
0.05
are the same for both conformers as the violations are calculated
0.04
with respect to the average of the two states. Asn14, Leu18, Ile20,
Lys38, Ile41, His71, Leu78 and Leu89 still show an outstanding
0.03
contribution to the target function although the absolute value
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is smaller than in the single–state structure.
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2.17: Contribution to the target function of each restraint per residue.
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Only the sequential numbering for the first state is shown since
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the violations are calculated with respect to the average structure
and are thus equal for both states. The per restraint per residue
16
contribution to the target function for most residues is lower than
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for the single–state structure and violations are distributed more
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equally across the protein. Asn14, Ile20, Gly50 and His71 show
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outstanding violations of restraints as well as the C –terminal
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2.18: Contribution of each residue to the target function, (a) shows
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the contributions for the single–state structure and (b) shows
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the contributions for the two–state structure.
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The first residue to be specifically looked at will be isoleucine 41, since it
is the residue that has the lowest order parameter reported [39]. The high
number of restraints linking it to the rest of the structure make it unlikely
that the effects observed are due to measurement artifacts or a lack of data.
The difference between the two different states is subtle but clearly visible
through all 20 conformers, as can be seen in figure 2.20. From the top right
panel it can be seen that the blue state is again very well defined while the
red state shows some dispersion. In the bottom panel also the location of
the residue Ile41 within the PDZ2 domain is given. The separation obtained
with respect to Ile41 shows some correlation to the separation obtained with
respect to the loop, as described earlier. The separation propagates to the
loop and the adjacent second β–strand.
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Figure 2.20: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation
was done with respect to residue Ile41 (top), Cδ1 populates the
same two states throughout all conformers (top right). Here
the conformers have been aligned with respect to the backbone
of residues 40 through 42. On the bottom the position of the
residue within the protein is shown.
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2.1.2.1 Distal Surface One
Another residue of interest is leucine 78 which sits at the top of the long helix
that flanks the binding site, as shown in figure 2.21. Here the position of the
Cγ and both δ methyl group changes by a change of orientation of the Cβ–Cγ
bond. Also the orientation of the methyl groups changes. The two states are
present throughout all 20 conformers but, like for the separation with respect
to the loop, only one state, the blue state, is well defined. Like for the case
of the loop (see figure 2.15) the blue state is well defined, while the red state
is much less defined and covers a broader spatial range. The separation from
Leu78 propagates to the helix, long loop, the second β–strand that is located
on the other side of the binding site and the loop between the long helix and
the fourth β–strand.
The motion of the methyl groups is again supported by the order parameters
published [39] which supports the presence of fast motion.
According to Fuentes et al. [38] leucine 78 forms the link between the binding
site and distal surface one. Distal surface one is reported to contain the
residues Val61, Val64, Leu66, Ala69, Thr81 and Val85. A later publication
also included the residues Leu87 and Leu88 [40]. This is why the residues
that were just mentioned will now be looked at.
The first residue belonging to distal surface one is valine 61. Although the
contributions to the target function in the single state are rather low the
side–chain populates two different states as it is shown in figure 2.22. Even
though the states are present throughout the conformers there is quite some
variation within one state. The bottom right panel in figure 2.22 shows both
the side–chains of Val61 and Leu78 and their spatial proximity. There is very
little propagation of the separation and the correlation to Leu78 is rather
weak.
Unlike Val61 the next residue of the distal surface Val64 does not show a
separation. Despite a considerable amount of restraints there are very little
violations already in the single state structure.
Leucine 66 also has a high amount of restraints and already in the single
state structure very few violations. Nevertheless the side–chain populates two
different states, although the separation appears rather blurry when looking
at all 20 conformers at the same time (top right panel in figure 2.23). This
can at least in part be explained by the fact that the chemical shifts of the
δ methyl groups are non–resolved and thus the separation has to arise from
eNOE restraints involving Hγ . Thus, this separation stands on rather shaky
ground. This is also reflected in the poor propagation of the separation and
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Figure 2.21: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue Leu78, the position of the δ methyl
groups changes between the two states. The blue state is defined
throughout all 20 conformers, where as the red state shows more
flexibility. Here the conformers have been aligned with respect
to the backbone of residues 74 through 80. On the bottom the
position of the residue within the protein is shown.
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Figure 2.22: Two–state structure without bundling restraints on the lower
loop residues 24 − 34. The separation was done with respect to
residue Val61. The top right panel shows Val61 of all conformers,
the conformers were aligned with respect to the residues 60 to
62. On the bottom left the entire first conformer is shown with
the side–chain of valine 61, to illustrate the positioning within
the protein. The bottom right panel shows both the side–chains
of Val61 and Leu78 and their orientation with respect to each
other. Leu78 is depicted on the left and Val61 on the right, their
side–chains point towards the hydrophobic core of the domain
79
(bottom of the image).

Figure 2.23: Two–state structure without bundling restraints on the lower
loop residues 24 − 34. The separation was done with respect to
residue Leu66. The top right panel shows Val61 of all conformers,
the conformers were aligned with respect to the residues 65 to
67. On the bottom left the entire first conformer is shown with
the side–chain of valine 61, to illustrate the positioning within
the protein.
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the rather poor correlation to the separations of Val61 and Leu78.
The next residue in the first distal surface is alanine 69 which shows no side–
chain based separation. This is due to the small residue that lacks sufficient
flexibility to form two different states.
Another smaller residue that belongs to distal surface one is threonine 81.
It has sufficient data coverage and already the single–state structure shows
very little violations. There is no consistent separation of two states possible.
The published methyl order parameter of S 2 = 0.87 ± 0.06 [38] also indicates
that there is very little motion present in this side–chain.
Also Val85 does not show a separation into two states. This is accompanied
by a relatively low contribution to the target function in the single–state
structure. The absence of two different states does not signify the absence
of dynamics in this residue. Since the published order parameter [38] indicates the presence of motion, two states might simply not be an adequate
representation as the side–chain could also cover a continuous spatial range.
The same considerations apply to Leu87 and Leu88 that both show no separation of two states. Both leucines have order parameters that indicate the
presence of motion [38]. The fact that for Leu88 the chemical shifts of the
methyl groups overlap supports the presence of motion and also yields a
possible explanation for the difficulty to find two separable states.
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2.1.2.2 Distal Surface Two
Isoleucine 20 is a residue with a very high contribution to the target function.
The violations are reduced in the two–state structure but part of the violations
can also be explained by the large amount of restraints present. As can be
seen from figure 2.24 Ile20 populates to clearly separable states. The blue
state shows some conformers where the Cδ methyl group has a different
orientation, this could be due to a local third state for that residue.
Isoleucine 20 is located in the carboxylate binding–loop and participates in
ligand binding. The side–chain forms a van der Waals surface together with
residues Ala39 and Val40 that form the distal surface as reported by Fuentes
et al. [38]. In this way Ile20 links the binding site to the distal surface and
acts as a hub for transmission of information.
The separation obtained from Ile20 propagates to the second β–strand to
which Ile20 also belongs and to the long helix on the opposing side of the
binding site. There is also some propagation of the separation to the third
β–strand that is forms a β–sheet with the second β–strand but not the long
loop that lies in between.
The two residues mentioned to belong to the distal surface two Ala39 and
Val40 [38] will now be looked at. Ala39 shows no separation of the side–chain
since it is a small amino acid with not much flexibility.
Valine 40 also shows no separation of states. This is not due to a lack of data
since there is a considerable amount of eNOE restraints and also the methyl
groups have been assigned stereospecifically.
Dhulesia et al. extended the distal surface 2 to also include the residues
Ala45, Ala46 and Ile52. As for Ala39, there is no separation based on the
side–chain orientation possible for Ala45 and Ala 46. While for Ile52 the side–
chain populates to distinct states, the result is shown in figure 2.25. There
is a good separation of two states although both states show a considerable
amount of dispersion. The separation obtained from Ile52 propagates to the
third and the fourth β strand that precede and succeed the loop containing
Ile52. The separation shows a good correlation to that of Ile20, as it would be
expected and the correlation is much better than between Val61 and Leu78.
There is no correlation of the separations of the loop and neither of the two
isoleucines 20 and 52. good correlation to ile20 but not to the loop.
It is important to note here that the rather high contribution of Ile52 to the
target function in the single state almost vanishes in the two–state structure
(fig. 2.18). This effect is especially strong for the per restraint contribution
where the value almost drops to zero for the two–state structure (fig. 2.19).
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Figure 2.24: Two–state structure without bundling restraints on the lower
loop residues 24 − 34. The separation was done with respect to
residue Ile20. The top right panel shows Ile20 of all 20 conformers,
the conformers were aligned with respect to the residues 17 to 23.
On the bottom left the entire first conformer is shown with the
side–chain of isoleucine 20, to illustrate the positioning within
the protein.
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Figure 2.25: Two–state structure without bundling restraints on the lower
loop residues 24 − 34. The separation was done with respect to
residue Ile52. The top right panel shows Ile52 of all 20 conformers,
the conformers were aligned with respect to the residues 51 to 53.
On the bottom left the entire first conformer is shown with the
side–chain of isoleucine 52, to illustrate the positioning within
the protein. the bottom right panel shows both the side–chains
of Ile20 and Ile52 and their orientation with respect to each
other. Ile20 is depicted on the left and Ile52 on the right, their
side–chains point towards the hydrophobic core of the domain
84
(bottom of the image).

2.1.2.3 Other Residues
Besides the two distal surfaces, all residues that are directly involved in ligand
binding or simply located at the binding site can possibly show some kind of
dynamics that is relevant to the binding of the ligand. This is why the long
α–helix forming one edge of the binding site shall be treated next.
Starting with histidine 71 that is also participating in the binding of the
ligand.
Histidine 71 is another important residue, as it is located at the beginning of
the long α–helix and the side–chain points towards the binding site. As this
is the case, one would expect the side–chain of His71 to participate in ligand
binding. Like the residues mentioned before, His71 has a large contribution to
the target function per restraint (see also figure 2.8 in the first section in this
chapter). The aromatic ring of the side–chain changes its orientation between
the two states, which are present throughout all 20 conformers and shown in
figure 2.26. Both states are generally well defined with the exception of some
conformers. In the bottom right panel of figure 2.26 the superposition of the
side–chains of the first conformer with that of the X–ray reference structure
published by Zhang et al. [6] (pdb accession code: 3LNY) is shown. It can be
clearly seen that the side–chain orientation of the red state matches that of
the reference structure of the bound form. The position of the red state is the
orientation necessary for the formation of a H–bond with the serine at the −2
position of the ligand. The separation of states propagates to the backbone
of residues 22 through 24 that are opposed to His71 on the other side of the
binding site. Both states are equally well defined with the exception of a few
conformers that introduce some variation. It is worth to note that for His71
the heavy atom side–chain coupling constants between N–Cγ and CO–Cγ
were measured and also used as restraints for the structure calculation and
are fulfilled by the two–state structure.
The separation propagates to the rest of the helix and the second β–strand
that lies on the other side of the binding site. The separation also partially
propagates to the long structured loop.
Despite a considerable contribution to the target function in the single–state
that is reduced for the two–state structure, the subsequent residue Lys72 does
not show two states. This can in part be explained by the relatively large
amount of restraints present as the per–residue contribution to the target
function is already low for the single–state structure.
Another residue with a relatively high contribution to the target function
per restraint that is reduced with the two–state structure is glutamine 73
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Figure 2.26: Two–state structure without bundling restraints on the lower
loop residues 24 − 34. The separation was done with respect
to residue His71, the aromatic ring of histidine 71 shows two
rotamer states. The top right panel shows His71 of all 20 conformers, the conformers were aligned with respect to the residues
70 to 72. On the bottom left the entire first conformer is shown
with the side–chain of histidine 71, to illustrate the positioning
within the protein. On the bottom right again the side–chains
of the two–states in the first conformer are shown this time in
superposition with the X–ray reference structure [6].
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Figure 2.27: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). The separation
was done with respect to residue Gln73, the top right panel
shows the side–chains of residue 73 of all conformers with the
alignment done with respect to residues 71 through 75. On the
bottom left the entire first conformer is shown with the side–
chain of glutamine 73, to illustrate the positioning within the
protein.
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(shown in figure 2.27). The separation is more subtle than for example for
Leu78, where the side–chain confirmations can be classified into two obviously
different groups. Instead, for Leu78 the Cβ –Cγ bond splits into two states,
one pointing to “the right” and one pointing to “the left”, as can be seen in
the top right panel of figure 2.27, while the rest of the side–chain does not
form two clearly separable states.
The separation obtained with respect to that bond propagates to the helix,
the third β–strand on the opposing side of the binding site and the long loop
that forms the lower end of the binding site and also propagates to the fourth
β–strand.
Like it is the case for the alanines previously looked at, there is no separation
possible for the side–chain of Ala74. Since the per residue contribution to the
target function is already low in the single–state structure there seems also
to be no necessity for that.
For valine 75 there is also no separation of two states in the side–chains
possible. As for the previous residue, Ala74, this is combined with a low
per restraint contribution to the target function. Unfortunately, there are no
order parameters published for Val75 [38].
Another residue showing a large contribution to the target function in the
single state is Glu76, the contribution is also outstanding on a per restraint
basis. Here the side–chain oscillates between two different positions (see figure
2.28), both states are present in all conformers. The presence of two states
in the side–chain of Glu76 is supported by the restraint between H and HG3
that is strongly violated in the single–state structure and fulfilled by the
two–state structure.
Both states are well defined with the exception of the Cδ position of two
conformers of the blue state.
The separation from Glu76 propagates to the helix and the opposing second
β–strand. The propagation to the long structured loop in between the second
and the third β–strand is poor.
The side–chain of threonine 77 forms two clear classes by a change in the
orientation of the methyl– and the OH–group. The two states are found
despite the lack of strong violations of restraints in the single–state structure
and an order parameter of S 2 = 0.81 ± 0.06 that indicates the absence of fast
motion. This means that the interconversion between both states is probably
slow for this residue. The separation propagates to the helix and to the fifth
β–strand.
The next residue of the helix, Leu78, was already treated in section 2.1.2.1
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Figure 2.28: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue Glu76, the orientation of the side–
chain changes. Here the conformers have been aligned with respect to the backbone of residues 71 through 79. The bottom
image shows the position of the residue within the protein.
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Figure 2.29: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue Thr77, the orientation of the side–
chain changes. Here the conformers have been aligned with respect to the backbone of residues 76 through 78. The bottom
image shows the position of the residue within the protein.
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about the distal surface one.
Arginine 79 is the last residue of the long α–helix and exhibits two separable
states despite having few violations in the single–state structure. The two
states differ in the orientation of the Cγ–Cδ bond as can be seen in figure
2.30. The separation propagates to the helix and to the fourth and the fifth
β–strand.
In the following the residues of the carboxylate–binding loop (residues 17
through 20) and other residues that have previously been identified to be of
interest will be looked at.
The start will be made by asparagine 14. A residue that is located before the
carboxylate–binding loop and has considerable contributions to the target
function. There is no separation of states possible within the side–chain and
the outstanding contributions to the target function persist in the two–state
structure. The broad spatial range covered by the Asn14 side–chains of the
different conformers suggest the presence of a considerable amount of fast
motion that cannot be captured by two defined states.
The first residue of the carboxylate–binding loop is serine 17. There are two
clearly separable states where the OH–group is rotated by approximately
180◦ as can be seen from figure 2.31. The separation obtained from this
residue does not seem to propagate to the rest of the protein domain.
The following residue, which is leucine 18, does have a high contribution
to the target function in the single–state structure. Nevertheless, there is
no separation of states possible and the violations of the restraints remains
outstanding also in the two–state structure.
Glycine 19, the next residue in the carboxylate–binding loop has no two–states
since glycines do not have a side–chain that could change its conformation.
Isoleucine 20, which that marks the end of the carboxylate–binding loop, is
the central residue of the distal surface two and has thus already been treated
in the section about the second distal surface (see also section 2.1.2.2).
Although located at the binding site, valine 22 does not show two states. Also
there are not many violations of restraints in the single–state structure that
can be resolved by using two–states.
The next two residues of interest are Val26 and Val30 that both have marked
contributions to the target function and also order parameters that indicate
the presence of fast motion [38]. Valine 26 also shows considerable per residue
violations, but unfortunately there is no separation into two states possible.
The fact that no separation of states is possible is not surprising since the

91

Figure 2.30: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue Arg79, the two states differ in the
orientation of the side–chain. In the representation with all side–
chains the hydrogen atoms have been removed to improve clarity.
Here the conformers have been aligned with respect to the backbone of residues 77 through 80. The bottom image shows the
position of the residue within the protein.
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Figure 2.31: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue serine 17, the two states differ in the
orientation of the side–chain. The top right panel shows all 20
conformers while the top left panel only shows the first conformer
to illustrate the difference between the two states. Here the
conformers have been aligned with respect to the backbone of
residues 16 through 18. The bottom image shows the position
of the residue within the protein.
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chemical shifts of the methyl–groups are degenerate.
Valine 30 combines a low side–chain methyl order parameter for both methyl
groups [38] with a considerable amount of violations of restraints. It is possible to separate two–states in the side–chains of Val30 as can be seen from
figure 2.32. However, this separation does not show any correlation with the
separation obtained from the long structured loop Val30 is part of. Also there
is no visible propagation to any other parts of the protein. The separation
obtained from the side–chain seems to be entirely uncorrelated to the separation of the loop and the rest of the protein and may thus also be an artifact,
but this cannot be determined here.
Also, lysine 38 is a residue that shows a remarkably high contribution to the
target function (see also figures 2.19 and 2.19). However, the contribution
is spread over a high number of restraints which makes it unlikely that the
contribution is due to the presence of multiple states. This is supported by
the finding that the side–chain of Lys38 does not populate two states. Of
course it is possible that, albeit Lys38 itself does not populate two states,
the residues that are connected to it by eNOE restraints could populate two
states. This would also affect the contributions to the target function that
are attributed to Lys38.
Glycine 68 also shows a very high contribution to the target function, especially on a per residue basis. This can be attributed to the relatively low
number of restraints present for this residue. Although the contribution to
the target function is strongly reduced in the two–state structure there is no
separation of two states in the side–chains possible since glycines do not have
a side–chain.
Finally there is leucine 89 the last residue with strong contributions to the
target function. This strong contribution can mostly be explained by the
large number of residues present for this residue. Because of that it is hardly
surprising that the side–chain of Leu89 does not show a separation into two
states in the side–chain.
There are two residues left to be looked at and these are the two isoleucines
at the positions 6 and 11 as they both have very low published side–chain
methyl order parameters [38] that are an indication of the presence of fast
motion. Ile6 and Ile11 form the beginning and the end of the first β–strand
of the PDZ2 domain.
Isoleucine 6 does not have an outstanding contribution to the target function
in the single–state structure but δ–methyl group has a very low reported order
parameter of S 2 = 0.26 ± 0.01 [38]. This order parameter is captured by the
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Figure 2.32: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue valine 30, the two states differ in the
orientation of the side–chain. The top right panel shows all 20
conformers while the top left panel only shows the first conformer
to illustrate the difference between the two states. Here the
conformers have been aligned with respect to the backbone of
residues 29 through 31. The bottom image shows the position
of the residue within the protein.
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Figure 2.33: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue isoleucine 6, the two states differ in
the orientation of the side–chain. The top right panel shows all 20
conformers while the top left panel only shows the first conformer
to illustrate the difference between the two states. Here the
conformers have been aligned with respect to the backbone of
residues 5 through 7. The bottom image shows the position of
the residue within the protein.
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δ–methyl group separating into two states as can be seen from figure 2.33.
However, the separation has some outliers, as can be seen in the top right
panel of figure 2.33 where three conformers of the blue state overlap with
the red state. This problem can probably be addressed by allowing different
populations for both states, but this goes beyond the scope of this work and
should be addressed in a future work (please also refer to section 3.2). The
separation obtained from isoleucine 6 propagates to β–strands four and five
which form a β–sheet together with the first β–strand that Ile6 belongs to.
In contrast to Ile6, the side–chain of isoleucine 11 does not show a separation
into two different states, despite the low order parameter of S 2 = 0.28 ± 0.05
for the δ2 methyl–group [38], which indicates the presence of fast motion.
This can be explained by the already small amount of violations in the single–
state structure and the fact that the chemical shifts of the methyl groups,
which is again a sign for the presence of fast motion. This means that the
dynamics present cannot be captured by the multi–state structure.
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2.1.2.4 Valines and Leucines with Degenerate Chemical Shifts for
the Methyl–Groups
In the context of elucidating the dynamics of the side–chains in the free form
of the PDZ2 domain it is also interesting to take a look at the chemical
shifts since they can also contain information about motional averaging. In
particular, the chemical shifts of the methyl groups of the residues leucine
and valine are interesting here since they both contain two terminal methyl
groups that can change their position through dynamics.
The PDZ2 domain contains a total of 8 leucines and 12 valines. Several
of those have overlapping chemical shifts for the terminal methyl groups.
In both cases, half of the residues have unresolved chemical shifts for the
terminal methyl groups. One possible explanation for this fact is that the two
methyl groups exchange due to fast motion of the side–chain, this motion can
be analysed by looking at the order parameters of the methyl groups. The
chemical shift overlap for the valines 9, 26 and 64 and for the leucines 11, 66
and 78 can be rationalised by an order parameter that lies in the same region
as for unstructured regions in proteins or intrinsically disordered proteins.
In the complex, all valine methyl groups are resolved, which agrees with the
expected reduction of dynamics upon formation of the complex. Only the
methyl groups of leucine 66 and 78 persist to be overlapping.
Table 2.3 gives and overview of the valines and leucines with degenerate
methyl chemical shifts and their published order parameters [38].
Table 2.3: Leucine and valine residues with chemical shift overlap of the
terminal methyl groups in the free form of the PDZ2 domain.
Order parameters from Fuentes et al. [39] for the methyl groups
are given in brackets, for valine for the γ1 and γ2 methyl groups
and for leucine for the δ1 and δ2 methyl groups respectively.
Valine
Leucine
9 (0.51/0.51)

11 (-/0.28)

26 (-/0.56)

66 (-/0.60)

37 (0.88/-)

78 (-/0.48)

58 (0.81/0.81)

88 (0.63/-)

61 (-/0.77)
64 (0.50/0.48)
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Some of the listed residues have already been looked at in the previous sections.
Leu11, Val26 and Leu88 have been found to not show two distinct states,
while Val61, Leu66 and Leu78 have two states present. Those separations
probably stem from eNOE restraints that involve the Hβ (Val) or the Hγ
(Leu) atoms of the respective residues that contained sufficient information
for the formation of two different states for the mentioned residues.
Of the remaining residues Val9 shows a similar behaviour to Val30 in the first
few conformers, but is less ordered, which is probably due to the lack of the
stereospecific assignment of the methyl–groups. Therefore no clear separation
of two states is possible. This of course does not contradict the presence of
fast motion as indicated by the order parameter. It simply means that, given
the input data, a two–state structure with a uniform population distribution
is not a good representation for that dynamics.
Not surprisingly Val37 also does not show two states although here the order
parameter does not support the presence of fast motion that would lead to a
fast exchange of the methyl groups.
Val58 shows a similar separation as Val30 (see figure 2.34), with similar
amounts of per restraint contributions to the target function. The separation
propagates within the fourth and to the third β–strand.

99

Figure 2.34: Two–state structure without bundling restraints on the lower
loop flanked by glycine pairs (residues 24 − 34). Separation was
done with respect to residue valine 58, the two states differ in the
orientation of the side–chain. The top right panel shows all 20
conformers while the top left panel only shows the first conformer
to illustrate the difference between the two states. Here the
conformers have been aligned with respect to the backbone of
residues 57 through 59. The bottom image shows the position
of the residue within the protein.
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2.1.3 Three–State Structure
There are some reasons to consider the three–state structure as well, one is
the evolution of the target function as shown in figure 2.14, where there is a
small reduction of the target function when going from two to three states.
The effect on the target function when going from two to three states is of
course less drastic than when going from one to two states, since some of the
violations can already be fulfilled by two states.
In addition to that, the separation of the states with respect to the loop
between residues 24 and 34 that is framed by glycine pairs (see also figure
2.15) shows a well defined blue state and a rather broad distribution for the
conformers of the red state and it would be interesting to see if there is a
another state hidden in there.
Since the separations with respect to the side–chains always yielded clear
results and the distribution of contributions to the target functions on a per
residue basis do not change much when going from two to three states the
side–chains will not be looked at again.
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per restraint bases for the two–state with that for the three–state structure.
It can clearly be seen that there is not much difference. This is why the
separation of the side–chains into three different states will not be considered
since no significant changes are to be expected.
There is no clear separation of three states possible in the loop. The observed
reduction of the target function upon increasing the number of allowed states
from two to three is thus most likely not due to a better fulfillment of the
experimental restraints. This can be seen from the comparison of the contributions to the target function that is given in figure 2.37. Instead the three–state
structure fulfills the bundling restraints better than the two–state structure,
which gives rise to the reduction of the target function.
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2.1.4 Networks
Out of the 96 residues that make up the PDZ2 domain 39 (40.6 %)were looked
at in detail in the two–state structure. The selection of the residues was based
on the size of the contribution to the overall target function of that residue
in the single–state. Additionally residues that were reported to belong to the
distal surfaces that are affected by ligand binding were investigated [38, 40].
Lastly residues with methyl side–chain order parameters that indicate the
presence of large amounts of motion were looked at.
Of those 39 residues, 15 show a clear separation into two different and well
defined states. The remaining 24 residues do not show a separation into two
states.
Figure 2.38 shows the residues that have side–chains with two states in the
first conformer of the two–state structure. Of the residues shown, three are
directly involved in ligand binding, these are Ser17 and Ile20 that form the
beginning and end of the carboxylate–binding loop and His71 and Val30 at
the other end of the binding site. Additionally, Leu78 participates in forming
the binding pocket for the C –terminus of the ligand.
The remaining residues are located distal to the binding site. Ile52 belongs
to the distal surface two, as published by Dhulesia et al. [40]. Val61 and
Leu66 belong to distal surface one as previously published [38, 40]. Gln73,
Glu76, Thr77 and Arg79 all belong to the long helix that forms one side of
the binding site and thus also belong to the binding site although there might
not be a direct interaction to the ligand, since for example Gln73 and Glu76
point into the solvent. Val58 belongs to the hydrophobic core, where it is in
spatial proximity of Val61 and Leu66 that belong to distal surface one and
also Ile20 that belongs to the binding site and to Ile52 that is part of the
second distal surface. In this way Val58 provides a possible link between the
three sites that are affected by the binding of the ligand. Ile6 belongs to the
first β–strand that forms a β–sheet together with fourth and fifth β–strand.
This provides a link to Val58 that belongs to the fourth β–strand. Ile41 shows
no apparent link to the other residues with dynamics but is probably affected
indirectly by the dynamics in the hydrophobic core of the PDZ2 domain.
Figures 2.39 and 2.40 compare them with the distal surfaces proposed by
Dhulesia et al. [40] and Fuentes et al. [38] respectively.
The two states in the loop show a good correlation to the two states in the
side–chains of the residues in the long α–helix located at the binding site in
spatial proximity to the loop. Also there is a good correlation between the
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Figure 2.38: Residues with two states in the side–chains shown on the first
conformer of the two–state structure. The shown residues are:
Ile6, Ser17, Ile20, Val30, Ile41, Ile52, Val58, Val61, Leu66, His71,
Gln73, Glu76, Thr77, Leu78 and Arg79.

106

Figure 2.39: Residues that have two states in their side–chains shown on the
single–state structure compared to the structural network found
by Dhulesia et al. [40]. Residues that are reported to belong to
the binding site are highlighted in red, those belonging to distal
surface one in blue and those belonging to distal surface two
in yellow. Side–chains coloured in the respective colour mark
agreement between the published network and the dynamics
found in this work. These residues include: Ile20, Val30, Ile52,
Val61, Leu66 and Leu78.
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Figure 2.40: Residues that have two states in their side–chains shown on the
single–state structure compared to the structural network found
by Fuentes et al. [38]. Residues that are reported to belong to
the binding site are highlighted in red, those belonging to distal
surface one in blue and those belonging to distal surface two
in yellow. Side–chains coloured in the respective colour mark
agreement between the published network and the dynamics
found in this work. These residues include: Ile20, Val30, Val61,
Leu66 and Leu78.
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two states in the loop and those in the side–chain of Val58.
Val58 confomrations in turn show a good correlation to loop conformations,
which is to be expected, and to Leu66, which belongs to the first distal surface.
In this way Val58 provides a possible link between the binding site and the
distal sites.
There is also a good correlation between the two–state separation of the
side–chain of Ile20 with the separations of Ser17, Ile41 and His71. With the
exception of Ile41 all of those residues are located at the binding site, while
Ile41 is located directly after the β–strand three that lies next to the second
β–strand that contains Ile20.
The residue that is close to the N –terminus, Ile6, correlates well with Leu66 in
the first distal surface and with Arg79 in the long α–helix at the binding site.
Since those three residues are not in direct contact, this correlation suggests
that there are residues in between that provide the missing dynamical link.
The absence of residues with two different states in their side–chains does not
mean that there is no relevant dynamics that can couple to the mentioned
residues, it simpley means that this dynamics is not captured by the model
of two states, possibly due to a lack of experimental data.
The side–chain of Ile52 in the second distal surface shows a good correlation
with the side–chains of Leu78 and Arg79 in the long α–helix at the binding
site. Both sites are linked via the hydrophobic core of the PDZ2 domain.
It is important to note here that a correlation of the two states in the apo
form is not a necessity for a communication pathway, since it is possible that
the correlation between the involved residues is only established once the
ligand binds.
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2.2 Titrations of the Free PDZ2 Domain with
its Ligands
The PDZ2 domain was titrated with the short eight–residue long and the long
15–residue long ligand with the sequences as stated in chapter 4 Materials
and Methods.
Figure 2.41 shows the 1 H–15 N HSQC spectra of both complexes in superposition. The peaks of complex with the short ligand are depicted in red and
those of the complex with the long ligand in blue.
Since there were no fundamental differences between the short and the long
ligand the short ligand (Ac–ENEQVSAV) was chosen for further studies of
the complexed structure for reasons of simplicity.
In the next figure 2.42, the superposition of the 1 H–15 N HSQC spectrum
of the free form together with that of the complex with the short ligand is
shown. The peaks of the apo form are shown in black and those of the complex
again in red. Many peaks retain their position, as it would be expected for
a structure that does not change much. There are also peaks that show
considerable changes, some of them will be shown as magnifications in figures
2.43 and 2.44. It is worth to note here that during the titration the position of
the peaks does not shift gradually as the saturation with the ligand increases
but instead the peak at the position of the complex structure starts to appear
in the process of titration.
The subsequent figures 2.43 and 2.44 show some examples of backbone amide
peaks that change or do not change their position in the 1 H–15 N HSQC
spectrum upon addition of the ligand to the free PDZ2 domain. From the
chosen examples it can be seen that residues close to the binding site tend to
show shift changes as it would be expected. Also residues that are distant to
the binding site such as valine 37, glutamine 43 and alanine 45 show changes
of the backbone amide chemical shifts. This fact again supports the presence
of long–range communication networks.
Given the reported absence of major structural changes in the PDZ2 domain
upon binding of the ligand the FLYA algorithm [94] was used to transfer the
assignment from the apo form to the complex.
In figure 2.45 the graphical representation of the result of the FLYA algorithm
is shown. From the figure it can be seen that the chemical shifts in the region
of the carboxylate–binding loop (around residue 20) and the long α–helix
(residues 70 through 79) show an accumulation of red shifts, that denote
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following the carboxylate binding
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and the first α–helix.
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Figure 2.43: Examples of peaks that shift
in the 1 H–15 N HSQC spectrum
upon addition of the ligand. Colour coding is again black for the
peaks of the titration22.pdf
apo PDZ2 domain and red for the complex withFri Feb 17 10:59:20 2017
the short ligand, measured at 298 K with a 0.4 mM sample.
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Figure 2.44: Additional examples of peaks that shift in the 1 H–15 N HSQC
Fri Feb
17 11:02:01
2017 Colour coding is again
spectrum upon addition of
the
ligand.
black for the peaks of the apo PDZ2 domain and red for the
complex with the short ligand, measured at 298 K with a 0.4 mM
sample.
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Figure 2.45: Graphical representation of the assignment of the complex obtained with FLYA [94] based on the assignment of the apo form
of the PDZ2 domain. Green bars represent shifts that agree with
the reference assignment and red bars correspond to shifts that
do not match the reference. Blue bars represent shifts that have
been assigned by FLYA but have no reference assignment and
black bars represent the reverse case where there is a reference
assignment available but no assignment could be made by FLYA.
A light colouring indicates an assignment that is not classified
as strong. For the side–chain chemical shifts the heavy atom
assignment is shown in the center while the proton assignments
are shown to the left and the right.
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changes in the chemical shift. Residues that belong to the distal surfaces as
described by Fuentes et al. [38] and Dhulesia et al. [40] (see also section 1.2
in the introduction) also show changes of the chemical shift upon binding of
the ligand. These changes of the chemical shifts indicate structure and/or
dynamics of those residues are affected by the process of binding the ligand.
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2.3 The Structure of PDZ2 in Complex with its
Ligand
The structure of the complex will be treated in the same way as the structure
of the apo form. In the previous section 2.2, the 1 H–15 N HSQC spectrum of
the complex has already been shown and compared to that of the free form.
Also it was stated that the complex with the short, eight–residue long ligand
(Ac–ENEQVSAV) was chosen for further investigation.
The structural statistics are given in table 2.4. The same table also summarises the used coupling constants and gives the number of stereospecific
assignments obtained.
In total, 98% of all proton resonances could be assigned. For Hα 97% of the
resonances and all Hβ resonances could be assigned.
Table 2.4: Structure statistics of the single–state structure of the
PDZ2 domain from human protein tyrosine phosphatase 1E
(hPTP1E).
restraints for structure calculations
Total eNOE restraints

1207

bNOEs

324

intraresidual

572

sequential (|i − j| = 1)

274

medium range (1 < |i − j| < 5)

120

long range (i − j ≥ 5)

241

Total dihedral angle restraints

221

3

JHN Hα scalar couplings

57

3

JNCγ aromatic scalar couplings

5

3

JC’Cγ aromatic scalar couplings

5

3

JHα Hβ scalar couplings

81

Cα chemical shifts

73

stereospecific assignments

44

13

from GLOMSA

23
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Table 2.4: Structure statistics of the PDZ2 domain from human protein
tyrosine phosphatase 1E (hPTP1E) in complex with its ligand.
Asn HD and Gln HE
9
Val and Leu methyls from fractional labeling

12

statistics for structure calculations
target function [Å2 ]

32.15 ± 0.81

backbone rmsd for 2 structure elements [Å]

0.32 ± 0.07

heavy atom rmsd for 2 structure elements [Å]

0.83 ± 0.13

◦

◦

distance constraint violations (> 0.5 Å)

14

of which upper limits

11

of which lower limits

3

coupling constant constraint violations
heavy atom coupling constant constraint violations

24
1

Ramachandran plot statistics (%)
residues in most favoured regions

63.5

residues in additionally allowed regions

31.5

residues in generously allowed regions

4.2

residues in disallowed regions

0.8

Figure 2.46 shows the single–state eNOE structure of the complexed PDZ2
domain. On the same structure the secondary structural elements are highlighted to provide orientation. The statistics of the input data and of the
resulting structure are given in table 2.4.
The figures 2.47 and 2.48 give a more detailed statistics of the distances
restraints used for the structure calculations. Figure 2.47 shows the range
that is covered by the eNOE restraints. As it is to be expected there is a
strong contribution of short– and medium–ranged restraints with |i − j| < 5
(see figure 2.47). The considerably large amount of long–range restraints with
|i − j| ≥ 5 is caused by the globular fold of the PDZ2 domain.
The latter of the two figures (figure 2.48) gives more detailed information
about the distribution of the eNOE restraints by classifying the available
restraints for each residue into short– (|i − j| ≤ 1), medium– (1 < |i − j| < 5)
and long–ranged (|i − j| ≥ 5) restraints.
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Figure 2.46: Single–state eNOE structure of the complex of the PDZ2 domain
(ligand not shown). The target function for 20 conformers is
32.15 ± 0.81 Å2 . Secondary structural elements and termini are
labelled. The secondary structural elements include the following
residues: β1 (7–12), β2 (20–24), β3 (35–40), α1 (46–49), β4 (57–
61), α2 (71–79), β5 (84–90). The RMSD with respect to the
secondary structural elements is 0.32 ± 0.07 Å for backbone and
0.83 ± 0.13 Å for all heavy atoms with respect to the mean.
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Figure 2.47: Statistics of the structure calculation by CYANA [89, 91–94].
Shown are the number of eNOE derived distance restraints versus
100
the range of residues covered by the eNOE.
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Figure 2.48: Statistics of the structure calculation by CYANA [89,91–94]. The
number of eNOEs per residue is shown, where the intra–residual
and sequential eNOE restraints are depicted in white (|i−j| ≤ 1),
the medium–ranged (1 < |i − j| < 5) eNOE restraints in grey
and the long–ranged (|i − j ≥ 5) eNOEs in black. Each restraint
is counted once for each residue involved.
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The data coverage in the complex is similar to that of the free PDZ2 domain.
And there are no regions of the protein that have no measured restraints.
There is also a good coverage with medium– and long–range distance information.
The following figure 2.49 gives a graphical summary of the two previous
figures. The network of eNOEs is plotted on the single–state structure that
is obtained from the restraints derived from those eNOEs and the other
restraints that have been summarised in table 2.4.
Like it is the case for the free form it is also to be expected that the complex
exhibits dynamics. Although the dynamics in the complex are expected to be
different from that of the free form, they still are a vital key to the function.
To assess the dynamics in the complex, the residues and regions identified
to have two–states in the free form will be revisited in the complex. Besides
those areas again the graphical representations (figures 2.50 and 2.51) of the
statistics related to the calculation of the single–state structure will be used
to find further residues of interest.
In the first figure 2.50 the contribution of each residue to the target function
is shown. There are same residues that attract attention and these include:
Asn14, Leu18, Ile35, Lys38, Ile41, Lys54, Val58 and Val75. Of the mentioned
residues Ile41 and Val58 showed two clearly separable states in the side–
chains in the free form of the PDZ2 domain. The other residues have also
been looked at for the free form and none of them showed a clear separation of
two different states in the side–chains. This fact does not prove the absence of
dynamics for these residues. It does not even prove the absence of two–states
for those residues since the lack of separation can also be due to a lack of
data.
Also of interest here is that the violations in the previously flexible loop
region between residues 24 and 34 are significantly lower in the complex than
in the free form. Together with the relaxation data (see figure 2.59), this
information supports the reduction of motion in that long loop upon binding
of the ligand.
The next figure 2.51 breaks down the contribution to per restraint per residue.
This representation allows to distinguish whether a big contribution in the
previous figure results from a few strongly violated restraints or from a big
number of restraints with a small violation each. In this representation the
residues Asn14, Leu18, Gly25, Lys54 and Val58 stick out of the crowd. Of
these only Val58 showed two separable states in the side–chain they others
did not. It is interesting here to note that the y–axis stretches less than for
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Figure 2.49: Network of all eNOE derived restraints (red) used for all structure calculations of the complex depicted on one conformer of
the single state structure. The structure includes pseudo atoms
since not all assignments could be done ambiguously.
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the free form. Also interesting here is the change in the contributions of
the residues that did show two–states that happens upon formation of the
complex. Ser17 and Ile20, are both part of the carboxylate–binding loop that
binds the C –terminus of the ligand, both experience a strong reduction of
the per restraint contribution to the target function. This effect is especially
strong for Ser17. Valine 30 also experiences a clear reduction although the
effect is not as strong as for Ser17 that is directly involved in binding the
ligand.
For Ile52 the per restraint contributions to the target function are halved
in the complex with respect to the free form. On the other hand Ile41 and
especially Val58 experience a significant increase of the contributions. The
same happens to Val61 and Leu66 that also show an increase in the contributions to the target function. For His71 and Gln73 the contributions are only
slightly reduced, while Glu76 shows a clear reduction. Thr77 and Leu78 show
almost no change while Arg79 shows a clear reduction in the per restraints
contributions to the target function. Ile6 also shows no changes.
The third figure in this row 2.52 gives the number of restraints per residue,
where a restraint between two atoms contributes equally to the number of
restraints of both atoms, i.e. 0.5 per atom contributing to the eNOE. From
this figure it can be seen that the restraints are distributed nicely over the
whole sequence of the PDZ2 domain as it can also be seen in the previous
figure 2.49.
In the next two figures the structures that belong to that statistical information are shown.
From the comparison of the single–state eNOE structures (see figure 2.53)
it can be seen that in general they have a good agreement as reported [4–6].
The matching is especially good for the β–strands and the long α–helix that
forms on the edge of the binding site. There are obvious differences in the
carboxylate–binding loop and the long loop between residues 24 and 34, both
are directly affected by the binding of the ligand. Also the region between
residues 42 and 50 that contains the short α–helix seems to change upon
formation of the complex.
The comparison of the single–state eNOE structure of the complex with
the X–ray reference structure [6] (pdb accession code: 3LNY) reveals some
difference. Aligning the structures with respect to the secondary structural
elements leaves several noticeable differences between the two structures. The
two long α–helices are tilted with respect to each other. The short α–helix
and the carboxylate–binding loop differ in a way that gives the impression
that the X–ray structure might be compressed as whole. This could be a
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Figure 2.52: Number of eNOE restraints per each residue, where a restraint
between two atoms contributes 0.5 restraints to each atom involved in the eNOE.
(a) graphics for the single–state structure of the complex, (b)
graphics for single–state structure of the free form for comparison.
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Figure 2.53: Structure of the bound form of PDZ2 (green) displayed without
ligand in comparison with that of the single state eNOE structures of the free (brown). The structures have been aligned with
respect to the secondary structural elements and are displayed
as Cα–traces.
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Figure 2.54: Comparison of the single state eNOE structures of the bound
(green) form of PDZ2 with the X–ray reference structure (blue)
[5] of the bound form, shown both with and without ligand.
The structures have been aligned with respect to the secondary
structural elements and are shown as Cα–traces.
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result of crystal contacts and thus the differences could be easily attributed
to the different experimental conditions.
Due to the better agreement of the structure of the free form with the X–
ray structure (see figure 2.10) and the fact that the dispersion in the NMR
reference structure is rather large (see figure 1.2) the comparison of the eNOE
complex structure with the NMR reference is skipped.
Following the discussion of the free form the heteronuclear NOE and relaxation data of the complex will be presented and discussed next.
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Figure 2.55: Backbone amide 1 H–15 N heteronuclear NOE values of each
residue of the PDZ2 domain in complex with the short ligand.
In figure 2.55 the 1 H–15 N heteronuclear NOE values for the backbone amides
of the bound structure are shown, the lower the hetNOE value the more fast
motion is present. Leucine 18 and threonine 81 show presence of fast motion,
the former belongs to the carboxylate binding loop, while the latter follows
directly after the long helix that forms one side of the binding site.
The next figure 2.56 compares the backbone amide hetNOE of the complex
with that of the apo form. The data of the complex is plotted in black while
the data of the apo form is plotted in red, here it is important to note that
some residues only have cross–peaks for one form, such as Thr28, Ala60, Gln93
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Figure 2.56: Comparison of the backbone amide 1 H–15 N heteronuclear NOE
values of each residue of the PDZ2 domain in the apo form (red)
and in the complex (black). Some residues do not have a peak
in both cases.
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and Ser94 that only have data for the apo form and Asp15, Ile52 and Val61
that only have data for the bound form. In general the values do not change
much upon binding of the ligand. This is in agreement with the prediction
that there is no significant change in the backbone expected to happen upon
formation of the complex.
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Figure 2.57: Changes in the backbone amide 1 H–15 N heteronuclear NOE
values of each residue of the PDZ2 domain in complex with its
ligand, plotted is the value of the hetNOE in the apo form minus
the hetNOE value in the bound form. A negative number means
that the complex is more rigid than the apo form, whereas a
positive number means that the complex is more flexible than
the free form.
To facilitate the comparison of the hetNOE for the free and the bound form
the difference between the hetNOE values is plotted in figure 2.57, plotted is
the hetNOE value of the apo form minus that of the complex for all residues
that had data in both cases. A negative value means that the complex is
more rigid than the apo form and a positive value means that the complex
is more flexible than the apo form with respect to the fast motion range
of the backbone amides. There is a general tendency for a reduction of fast
motion in the complex in comparison with the free form, this behaviour is in

132

accordance with the expectation that the process of ligand binding will lead
to a overall rigidification of the protein by stabilising only one of the states
that was populated by the apo form.
There are a few residues that show noteworthy changes in the fast motion
range upon ligand–binding. Lysine 13, serine 65 and threonine 96 become
more rigid upon binding of the ligand, the latter being the C–terminus of the
PDZ2 domain and thus most likely not relevant for the binding dynamics.
Serine 65 shows the strongest decrease in fast motion and is located distal to
the binding site, this might be an indication that Ser65 acts as a transmitter
of the binding signal to other parts of the enzyme.
Lysine 54 and valine 84 show more fast motion upon ligand binding, however
this effect is rather small and in the case of Lys54 most likely attributed to
the fact that the hetNOE for the free form is unrealistically high.
There is a small tendency for an increase of the fast motion in the range of
the carboxylate binding loop (residues Asn16 and Gly19) and the region that
follows after the long helix on the other side of the binding site (residues
Thr81 and Val84), Chi et al. [30] suggest that this contra–intuitive increase
in dynamics in the bound state might decrease the entropic penalty of the
binding and thus helps to increase the affinity for the ligand.
The rotational correlation time τc for the complex was determined from the
backbone amide longitudinal and transverse relaxation times T1 and T2 to
2
be τc = 6.4 ns. Figure 2.58 shows the ratio of the two relaxation rates R
R1 for
backbone amides for the PDZ2 domain in complex with its ligand. There are
two residues that stand out from the crowd, one is valine 30 and the other is
asparagine 16. The latter being part of the carboxylate binding–loop and the
former being part of the long, flexible loop between β–sheets two and three,
in this way both are involved in ligand binding. The former is part of the long
flexible loop between the second and the third β–sheet (residues 24 through
34) that shows extensive slow motion in the apo form and essentially retains
its flexibility upon ligand binding, unlike the other residues whose backbone
flexibility collapses to the level of the rest of the protein.
2
The following figure 2.59 shows the ratio of the relaxation rates R
R1 for
backbone amides for both the free form of PDZ2 (triangles) and the complex
with the peptide derived from RA–GEF2 [5] (circles) are shown. The free
form shows large flexibility in the slow motion range in the range of the loop
at the lower end of the binding site, which is flanked by the two glycine pairs
24–25 and 33-34 (allowing for large flexibility) and that flexibility is strongly
reduced in the complex suggesting that the complex formation “locks” the
loop in one position. Also the dynamics of Asn16 are strongly reduced by the
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Figure 2.58: Ratio of the backbone amide relaxation rates R2/R1 of PDZ2
in complex with its ligand derived from the eight C–terminal
residues of RA-GEF2 [5, 38, 95, 96].

134

Figure 2.59: Ratio of relaxation rates R2/R1 comparing free PDZ2 (triangle)
and PDZ2 in complex with ligand (circle).
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process of ligand–binding. This makes sense since asparagine 16 is located at
the upper end of the binding site where the C–terminus of the ligand ends
up and forms a hydrogen bond with Ser17 which unfortunately has no data
due to the lack of the corresponding cross–peak.

Figure 2.60: Differences of the ratios of backbone amide relaxation rates
R2/R1, plotted is the value of the free form minus that of the
complex with ligand. There is a general reduction of coefficient
upon ligand binding.
The changes in backbone dynamics can be better seen in figure 2.60 which
plots the difference of the coefficients for the free form and the complex, a
2
positive ∆ R
R1 means that the dynamics in the complex is reduced with respect
to the dynamics in the free form. There is an overall reduction of the ratio
of the relaxation rates which is probably best explained by the change in the
overall tumbling and the non–identical experimental conditions. The other
exception, valine 26, shows a small increase in backbone motion in the µs to
ms range upon ligand binding.
Asparagine 16 and glycine 34 show the strongest decrease in slow motion,
which is not surprising. Asn16 directly precedes the carboxylate binding–loop
that binds to the the C–terminal carboxylate group of the ligand, unfortunately there is no data for the residue serine 17 that is actually binding to
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the ligand itself, glycine 19 which is the only other residue of the carboxylate
binding–loop that has data also shows a significant decrease in slow motion.
Glycine 34 forms one end of the long flexible loop and the bottom of the
binding site that is expected to be fixed by the act of ligand–binding, glycine
25 is situated at the other end of the loop and also shows a strong decrease
of slow motion induced by the binding of the ligand, albeit that decrease is
not quite as strong as for Gly34.
Asparagine 27 and arginine 31 also show a significant decrease as they are
also part of the long flexible loop. Noteworthy here is that glycine 33 shows
a much weaker decrease in dynamics and valine 26 actually shows a slight
increase in slow motion dynamics, even though both are also part of the long
loop.
The two glycines 50 and 63 also show a reduction in slow motion. Both are
located distant to the binding site and might be relevant for the propagation
of information throughout the domain and on to other parts of the enzyme
complex although they are not part of the distal surfaces that have been proposed by Fuentes et al. [38] to be affected by ligand binding and responsible
for the transmission of information.
For reasons of comparability, the calculation of the two–state structure for
the complex will be done with the same script as was used for the free form.
This means the bundling constraints for the long loop between residues 24
and 34 will also be released although the relaxation data does not indicate a
necessity for the complex.
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2.3.1 Justiﬁcation for a Multi–State Structure in the
Complex
The reasons for considering the two–state structure are generally the same
as the reasons given for the free form and discussed at length in section
2.1.1. In addition to that the proven presence of dynamics in the free form
indicates that this topic should also be investigated for the complex. The
most important argument to consider a multi–state structure for the complex
as well is given by figure 2.46 that shows no significant differences in the
backbone structures of the free and the bound form that could possibly be
attributed to a function.
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Figure 2.61: Plot of the evolution of the target function of the complex structures when increasing the number of states populated by the
protein from a single state up to six states.
As for the free form the evolution of the target function for an increase in
the number of states is given in figure 2.61. Again there is a major drop of
the target function when increasing the number of allowed states from one to
two. A further increase in the number of allowed states is only accompanied
by a minor decrease in the target function.
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Table 2.5: Distance restraint violations for the one–, two– and three–state
structures of the complex of the PDZ2 domain from human
protein tyrosine phosphatase 1E (hPTP1E). The cut–off value
was set to 0.5 to capture the strongly violated restraints.
single state structure
TF 32.15 ± 0.81 Å2
upper distance restraint violations:

mean [Å] (max [Å])

Lys13 QB – Leu18 QD1

0.53 (0.82)

Lys13 QE – Ala45 H

0.52 (0.64)

Leu18 HA – Leu18 QD2

0.55 (0.74)

Leu18 QB – Val75 QG2

0.68 (0.92)

Leu18 QD1 – Leu78 HB2

0.62 (0.76)

Gly24 HA2 – Gly25 H

0.70 (0.80)

Ile35 QD1 – Val75 HA

0.47 (0.69)

Lys54 H – Lys54 HB2

0.48 (0.64)

Val58 H – Val58 HB

0.26 (0.77)

Leu59 HG – Leu66 HG

0.50 (0.72)

Lys72 QB – Val75 QG2

0.52 (0.80)

lower distance restraint violations:
Ile35 QD1 – His71 HA

0.43 (0.63)

Lys38 H – Lys38 HB3

0.47 (0.53)

Val58 H – Val58 QG1

0.31 (0.80)

two–state structure

TF 13.72 ± 0.31

no strong distance violations
three-state structure

TF 12.14 ± 0.29

no strong distance violations
Table 2.5 gives an overview of the strong distance restraints violations in the
one–, two– and three–state structures of the complex of the PDZ2 domain.
The cut–off value for the violations was again set to 0.5 Å. The one–state
structure has 11 strong upper distance limit violations and 3 strong lower
distance limit violations. All of these violations are resolved in the two– and
the three–state structure.
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In the next section the two–state structure of the complex will be investigated
by revisiting the residues that showed two–states in the free form.
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2.3.2 Two–State Structure
First of all, the behaviour of the long loop shall be illuminated. In the free form
that loop populates two different states. This is supported by the relaxation
data that show the presence of extensive slow motion in that region of the
free PDZ2 domain.
For reasons of consistency and comparability the calculation of the complex
was done with the same scripts as the calculations of the free form. This
means that the bundling restraints for the long loop between residues 24 and
34 were also removed for the complex even though there is no indication of
slow motion in that region for the complex.
The relaxation data for the complex (see figure 2.58) suggest that there
are no longer two states present in the complex since the presence of that
slow motion is no longer indicated. Indeed the loop of the complex does not
separate into two states although the bundling restraints were also removed
like in the free form. Moreover the conformation of the loop matches the
conformation of the blue state in the structure of the free form. This can
be seen in the bottom panel of the figure were the complex and the blue
state of the free form have been aligned with respect to the loop (residues
24 through 34). However there are differences in the overall conformation
that lead to the non–perfect superposition of the loop of the complex and
the blue state when the structures are aligned with respect to the secondary
structural elements.
This behaviour is in agreement with the expected reduction of dynamics at
the binding site upon formation of the complex, whereupon the ligand locks
the loop in one position.
Besides the change in the behaviour of the loop also the effects of ligand
binding on the side–chain dynamics will be considered. This will be done
by revisiting the residues that had two states in the free form and also by
repeating the considerations about restraint violations in the single–state
structure that are resolved in the two–state structure. The set of residues
with two–states in the free form is complemented by the residues that have
been identified to show outstanding contributions to the target function in
the single–state structure of the complex. These residues are derived from
figures 2.50 and 2.51 and are Asn14, Leu18, Gly25, Ile35, Lys38, Ile41, Lys54,
Val58 and Val75. Out of this set Ile41 and Val58 showed two–state dynamics
in the free form. Asn14, Leu18, Gly25, Ile35, Lys38, Lys54 and Val75 did not
show such behaviour.
In figure 2.64 it can already clearly be seen from the axis of the graph that
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Figure 2.62: Superposition of the first five conformers of the two–state structures of the free form (blue and red) and of the complex (green).
Since the backbone of the complex no longer separates into two
states in the long loop both states of the complex structure are
shown in green to depict the selection of one state by the PDZ2
domain upon binding of the ligand. For reasons of visibility only
the first five conformers of each state for both structures are
shown as Cα–traces. The next figure 2.63 all conformers of both
structures next to each other.
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Figure 2.63: The left panel shows the 20 conformers of the complex structure
(green), that has clearly no separation of two states in the long
loop between residues 24 and 34.
The right panel shows the 20 conformers of the free form with
the separation of the loop into two states (blue and red).
The bottom panel shows the superposition of the loop (residues
24 through 34) of the complex (green) with the blue state of the
free form. All structures are shown as Cα–traces.
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it was done for the free form. As a starting point residue Ile41 is investigated.
Isoleucine 41 was identified as the residue with the lowest order parameter
in the free form [39], a fact that makes it particularly interesting to see what
changes upon binding of the ligand.
Figure 2.66 shows the behaviour of Ile41 in the complex and also the superposition with the free form. Ile41 clearly does not populate two different states
in the complex anymore. The side–chain conformation present in the complex
does somewhat lie in between the red and the blue state of the free form,
although it agrees more with the blue state of the free form. Surprisingly
Fuentes et al. [38] did not report a drastic change of the methyl side–chain
order parameter that would be expected to accompany such a change in
behaviour. According to their published order parameters the side–chain of
Ile41 sustains about the same amount of fast motion in the complex as is
present in the free form. This can be rationalised by the possibility that the
two–state structure captures also slower motion components that are not
reflected in the order parameter.
The subsequent residues will be grouped according to their participation
in the binding site or the distal surfaces as it has been done with the free
form. Next the residues of interest belonging to the first distal surface will
be presented.
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Figure 2.66: The top left panel shows the side–chain of Ile41 in the two–state
structure of the complex.
In the top right panel the side–chains of Ile41 in the free form
(blue and red) and in the complex are superimposed. Here the
conformers have been aligned with respect to the backbone of
residues 40 through 42. On the bottom the position of the residue
within the protein is shown.
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2.3.2.1 Distal Surface One in the Complex
The first residue in this section is leucine 78 that participates in forming
the binding–pocket for the C –terminus of the ligand and at the same time
provides the link between the binding site and the first distal surface.
Figure 2.67 shows the side–chains of all 20 conformers of Leu78 in the complex.
From the top left panel it can be seen that the side–chains still populate two
different states although they are a little less well defined than in the free
form. The top right panel shows that those states are the same as in the free
form even though the separation appears to be not as clear. The separation
obtained from Leu78 propagates to the other side of the binding site which
is formed by the second β–strand.
Valine 61 is the first residue that belongs to the distal surface one that is
linked to the binding site via Leu78. In the free form Val61 does have two
separate states in the side–chains.
From figure 2.68 it can be seen that as it is the case for Leu78 the side–chain
of Val61 populates similar two states in the complex as in the free form. This
is accompanied by only minor changes of the order parameters in Val61 [38].
The separation from Val61 propagates to the regions preceding and following
the long α–helix.
The next residue of distal surface one that has two states in the free form is
leucine 66. Unlike Val61 it does not populate two states and the orientation
of the side–chains matches neither of the states found in the free form but
tends more towards the red state (see figure 2.69).
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Figure 2.67: The top left panel shows the side–chain of Leu78 in the two–
state structure of the complex.
In the top right panel the side–chains of Leu78 in the free form
(blue and red) and in the complex are superimposed. Hydrogens
were removed to prevent overcrowding of the image.
Here the conformers have been aligned with respect to the backbone of residues 74 through 80. On the bottom the position of
the residue within the protein is shown.
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Figure 2.68: The top left panel shows the side–chain of Val61 in the two–state
structure of the complex.
In the top right panel the side–chains of Val61 in the free form
(blue and red) and in the complex are superimposed. Hydrogens
were removed to prevent overcrowding of the image.
Here the conformers have been aligned with respect to the backbone of residues 58 through 64. On the bottom left the position
of the residue within the protein is shown. The bottom right
panel shows the spatial proximity between Leu78 and Val61 both
for the free form (upper) and for the complex (lower).
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Figure 2.69: Side–chains of Leu66 of the free form (blue and red) and of the
complex (green) in superposition. Hydrogens were removed to
prevent overcrowding of the image.
Here the conformers have been aligned with respect to the backbone of residues 65 through 67.
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2.3.2.2 Distal Surface Two in the Complex
Following the treatment of distal surface one and its link to the binding
site the same procedure will be applied to the second distal surface. Distal
surface two is linked to the binding site via isoleucine 20 that belongs to the
carboxylate–binding loop that is part of the binding site and also does have
two–states in the free form.
Figure 2.70 shows the side–chains of Ile20 in the free form and in the complex
with the results one obtains when attempting to separate the two states in
the complex. From the top panels it can be seen that there is grouping into
states similar as for the free form. However it is not the case that both states
are present in each conformer, instead sometimes one conformer only contains
the light blue state instead of both the orange and the light blue state.
This suggests that upon the binding the populations of the two states probably
changes enough that a model with equally populated states is no longer a
valid representation. Most likely the binding of the ligand does not affect the
conformation of the states present for Ile20 but only shifts the populations
to in favour of the blue state found (72.5 %) in the free form.
The residue Ile52 belongs to the distal surface that is linked to the binding
site via Ile20 and also clearly shows two different states in the free form.
Therefore the behaviour of this residue will be addressed next.
The top left panel of the figure 2.71 shows the behaviour of Ile52. There is
a clear grouping of the side–chains into two states. As can be seen from the
top right panel the orientations of the blue (free form) and the light blue
(complex) state match very well while for the other state the position of the
δ–methyl group changes in the complex (orange) with respect to the free
form (red). The bottom right panel puts Ile20 at the binding site and Ile52
at the second distal site into relation. The orientations of the orange state
for Ile52 changes more towards Ile20 which possibly is the means of signal
transmission. There is a good correlation between the two states in Ile20 and
Ile52 that further strengthens this view.
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Figure 2.70: The top left panel shows the side–chain of Ile20 in the two–state
structure of the complex.
In the top right panel the side–chains of Ile20 in the free form
(blue and red) and in the complex are superimposed. Hydrogens
were removed to prevent overcrowding of the image.
Here the conformers have been aligned with respect to the backbone of residues 17 through 23. On the bottom the position of
the residue within the protein is shown.
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Figure 2.71: The top left panel shows the side–chain of Ile52 in the two–state
structure of the complex.
In the top right panel the side–chains of Ile52 in the free form
(blue and red) and in the complex are superimposed. Here the
conformers have been aligned with respect to the backbone of
residues 51 through 53. On the bottom left the position of the
residue within the protein is shown. The bottom right panel
shows both Ile20 (right) and Ile52 (left) of the free form (top) and
the complex (bottom) with their side–chains pointing towards
the hydrophobic core.
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2.3.2.3 Other Residues of the Complex
The remaining residues of interest will be treated in a sequential fashion. The
start will be made by Ile6 that is located close to the N –terminus and distant
to the binding site and still populates two different states in the free form.
The other residues will follow, ending with the long α–helix located at the
binding site.
The order parameter of Ile6 is reported to be slightly decreased by the binding
of the ligand [38]. This could be the reason why there seems to be more
dispersion of the states in the complex than in the free form. The differences
in the two states manifests in the position of the δ–methyl group as can be
seen in figure 2.72. The two states of the complex are similar to those of the
free form (top right panel) but the orange state is split into two subgroups
as can be seen from the top left panel. This could be another case that could
possibly become more clear by the use of different populations for the states.
The residue Asn14 is a residue with considerable contributions to the target
function, both in the free form an in the complex. However in the free form
there is no separation of states possible as the side–chains cover a spatial
continuum (grey residues in the top right panel of figure 2.73). For the complex
the violations are only slightly reduced when going to the two–state structure.
The side–chains of the conformers of the complex two–state structure cover
a much broader spatial range than in the free form. It is possible to form
two groups although the separation is kind of arbitrary as can be seen from
the top left panel of figure 2.73. An increase in the number of restraints
available for residue Asn14 might add information that could help achieve
less dispersion of the states but at this point there is no clear indication for
the presence of two different states in this residue.
Serine 17 is the first residue of the carboxylate–binding loop and has two
states in the apo form where the side–chain reorients. The top left panel of
figure 2.74 shows the side–chains of Ser17 in the complex. The side–chains do
separate into two groups but one contains three quarters of the population
instead of each state containing half of the population as assumed. This is a
hint that a population shift is happening upon binding.
However, this cannot be judged with the way the structure was calculated
since the present approach demands that each conformer of the structural
bundle contains both states so that the average of those states can fulfill the
restraints, this is no longer true for this structure.
Leucine 18 has very high contributions to the target function in the single–
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Figure 2.72: The top left panel shows the side–chain of Ile6 (light blue and
orange). The top right panel shows the superposition with the
free form (blue and red). The conformers have been aligned with
respect to the backbone of residues 5 through 7. The bottom
panel shows the location of the residue in the domain.
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Figure 2.73: The top left panel shows the side–chain of Ser14 (light blue and
orange). The top right panel shows the superposition with the
free form (blue and red). The conformers have been aligned with
respect to the backbone of residues 13 through 15. The bottom
panel shows the location of the residue in the domain.
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Figure 2.74: The top left panel shows the side–chain of Ser17 (light blue and
orange). The top right panel shows the superposition with the
free form (blue and red). Hydrogens were removed to improve
the clarity of the image, the OH–groups point away from the
centre of the image. The conformers have been aligned with
respect to the backbone of residues 16 through 18. The bottom
panel shows the location of the residue in the domain.
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state structure that are drastically reduced in the two–state structure. This
behaviour stands in contrast to the behaviour of the free form, where the
reduction of violations is much less drastic and consequently there is no
separation into two states. For the complex there is a separation albeit it is
not as clear as for other residues (see figure 2.75).
Despite the relatively large amount of violations for Gly25 there is no separation since there is no side–chain that could potentially reorient.
Val30 that is positioned in the middle of the long loop shows a separation
into two states in the free form. For the complex Val30 has few violations and
the formation of the complex is accompanied by an increase in the methyl
order parameter [38]. From the top left panel of figure 2.76 it can be seen
that the side–chains group into two states. However, the populations are not
distributed evenly as it was already the case for Ser17. About 70% of the
population adopt a conformation similar to that of the blue state in the free
form, again emphasising the need to address the issue of populations.
From the long loop at the binding site the focus will now shift to a β–strand
that is further away from the ligand. This β–strand starts with Ile35 which
will now be addressed. In the free form there is no separation into two states
found and this is accompanied by few violations for this residue in the single
state structure. In contrast to that the per restraint contributions to the
target function for the complex are in a medium high range and significantly
reduced in the two–state structure. As it can be seen from the left panel of
figure 2.77 in the complex structure Ile35 populates two states that differ in
the orientation of the δ methyl group. For the free form only the orientation
of the orange state was found. Since Ile35 is part of the binding pocket that
accommodates the ligand, the presence of two states is probably related to
the signal transmission. However, it has to be noted that the not finding two
different states in the free form does not prove their absence.
Next is Lys38, a residue with significant contribution to the target function
in the single–state that has no separable states in the free form. From the
top left panel of figure 2.78 it can be seen that the two states in the bound
form differ in the orientation of the Cβ–Cγ bond. This figure shows also that
again the populations are not equal, the minor state is populated by about a
third (32.5 %) of the conformers. The top right panel gives the superposition
with the corresponding side–chains of the free form. The free form shows
more dispersion and there is no agreement between the free form and the
complex here.
The situation for Lys54 is similar to that of Lys38, only that the contribution
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to the target function is even higher and the reduction in the two–state
structure is much stronger. As it was the case for Lys38, the free form does
also not show two different states in the side–chains of Lys54. Figure 2.79
that again the orientation the Cβ–Cγ bond changes but this time the states
are equally populated.
The next residue in line is valine 58. Val58 has two states in the free form
and an outstanding contribution to the target function in the complex. As it
can be seen from the two top panels in figure 2.80 the side–chains of Val58
separate into two states and those two states happen to be the same in the
complex and in the free form.
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Figure 2.75: Side–chains of leucine 18. Hydrogens were removed to improve
the clarity of the image. The conformers have been aligned with
respect to the backbone of residues 17 through 19. The rigt panel
shows the location of the residue in the domain.
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Figure 2.76: The top left panel shows the side–chain of Val30 (light blue and
orange). The top right panel shows the superposition with the
free form (blue and red). Hydrogens were removed to improve
the clarity of the image. The conformers have been aligned with
respect to the backbone of residues 29 through 31. The bottom
panel shows the location of the residue in the domain.
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Figure 2.77: The top left panel shows the side–chain of Ile35 (orange and
light blue). The top right panel shows the superposition with
the free form (grey). Hydrogens were removed to improve the
clarity of the image. The conformers have been aligned with
respect to the backbone of residues 33 through 38. The bottom
panel shows the location of the residue in the domain.
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Figure 2.78: The top left panel shows the side–chain of Lys38 (light blue and
orange). The top right panel shows the superposition with the
free form (grey). Hydrogens were removed to improve the clarity
of the image. The conformers have been aligned with respect
to the backbone of residues 35 through 41. The bottom panel
shows the location of the residue in the domain.
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Figure 2.79: The left panel shows the side–chain of Lys54 (light blue and
orange). Hydrogens were removed to improve the clarity of the
image. The conformers have been aligned with respect to the
backbone of residues 53 through 55. The right panel shows the
location of the residue in the domain.
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Figure 2.80: The top left panel shows the side–chain of Val58 (light blue and
orange). The top right panel shows the superposition with the
free form (blue and red). Hydrogens were removed to improve
the clarity of the image. The conformers have been aligned with
respect to the backbone of residues 55 through 62. The bottom
panel shows the location of the residue in the domain.
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The residues to consider that remain, all belong to the long α–helix that
forms one edge of the binding site. The start of the helix and also the start
of the discussion is made by His71 that is also involved in ligand binding
and does show two–states in the free form. It is of interest here that the red
state of the free form has the same side–chain orientation as in the crystal
structure of the bound form (pdb code: 3LNY [6]).
Leu78 that also belongs to this α–helix has already been treated in section
2.3.2.1 since it acts as a linker between the binding site and the first distal
site.
Figure 2.81 shows the behaviour for histidine 71. The top left panel shows
that there is only one state present in the complex. The top right panel
shows the superposition with the free form. Due to a much smaller number
of restraints in the complex compared to the free form, the orientation of
the aromatic ring cannot be fixed and is probably be pushed away by Van–
der–Waals interaction with the rest of the domain, since the only restraints
present for the ring are the scalar coupling constants. However what can
be said is that the position of the Cβ–atom in the complex favours that of
the red state in the free form. This gives an indication that the red state is
present in the complex which is in agreement with the expectations.
For the next residue of interest in the helix, Gln73, the two states of the free
form are replaced by one state with a large spatial dispersion (see top panels
of figure 2.82). Since Gln73 points towards the solvent and away from the
binding site this might be a mechanism to compensate the entropic penalty
of binding with increased motion in some side–chains and in this way the
affinity for the ligand might be increased [30].
The next residue shown is valine 75 that has only one distinct state in the free
form which splits up into two clearly separable states of equal population (see
top panels of figure 2.83). This splitting is accompanied by a large contribution
to the target function in the single–state structure of the complex that is
resolved upon transition to the two–state structure.
The following residue Glu76 does have two distinct states in the free form.
As it can be seen from the top panels of figure 2.84 the two states undergo a
strong shift of populations upon formation of the complex. The red state of
the free form only retains a population of 5 % in the complex (orange) while
the blue state becomes the dominant state in the complex (light blue).
Glu76 is followed by Thr77 that also has two different states in the free form.
From figure 2.85 (top left panel) it can be seen that also the complex structure
has two different states. The superpositions with the free form reveals that
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Figure 2.81: The top left panel shows the side–chain of His71 (green). The
top right panel shows the superposition with the free form (blue
and red). The conformers have been aligned with respect to the
backbone of residues 70 through 72. The bottom panel shows
the location of the residue in the domain.
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Figure 2.82: The top left panel shows the side–chain of Gln73 in the free
form for means of comparison (blue and red). The top right
panel shows the superposition with the complex (green). Hydrogens were removed to improve the clarity of the image. The
conformers have been aligned with respect to the backbone of
residues 71 through 75. The bottom panel shows the location of
the residue in the domain.
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Figure 2.83: The top left panel shows the side–chain of Val75 of the complex
(light blue and orange). The top right panel shows the superposition with the free form (red and blue). Hydrogens were removed
to improve the clarity of the image. The conformers have been
aligned with respect to the backbone of residues 73 through
76. The bottom panel shows the location of the residue in the
domain.
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Figure 2.84: The top left panel shows the side–chain of Glu76 of the complex
(light blue and orange). The top right panel shows the superposition with the free form (red and blue). Hydrogens were removed
to improve the clarity of the image. The conformers have been
aligned with respect to the backbone of residues 71 through
79. The bottom panel shows the location of the residue in the
domain.
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Figure 2.85: The top left panel shows the side–chain of Thr77 of the complex
(light blue and orange). The top right panel shows the superposition with the free form (grey). Hydrogens were removed to
improve the clarity of the image, the OH–groups are pointing
towards the top of the figure. The conformers have been aligned
with respect to the backbone of residues 76 through 78. The
bottom panel shows the location of the residue in the domain.
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the light blue state of the complex matches the red state of the free form,
with the exception of two outliers. While the orange state of the complex is
slightly turned with respect to the blue state of the free form.
The last residue of the long α–helix Arg79 has two states both in the free
form and in the complex. The top left panel of figure 2.86 shows the side–
chains of the complex structure. There is an obvious separation into two
states. However, unlike in the free form (top right panel of the same figure)
the populations are not equal. The orange state only has a population of
10 % while the light blue state holds the majority of the population. In the
superposition with the free form (top right panel) it can be seen that the
dominant state in the complex (light blue) is similar to the red state in the
free form. Again this indicates that the formation of the complex causes a
shift of populations between the different states.
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Figure 2.86: The top left panel shows the side–chain of Arg79 of the complex
(light blue and orange). The top right panel shows the superposition with the free form (blue and red). Hydrogens were removed
to improve the clarity of the image. The conformers have been
aligned with respect to the backbone of residues 77 through
80. The bottom panel shows the location of the residue in the
domain.
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2.3.3 Changes to the Network in the Complex
In this section the findings of the previous section 2.3.2 will be summarised
and compared to the free form to gain an overall picture of what is happening
upon formation of the complex.
Some of the residues retain the two states found in the free form, others just
show one state of the free form and some are in between by showing a shift
of the populations in the complex with respect to the free form.
As it is to be expected from the relaxation data, the reduction of slow motion
in the loop between residues 24 and 34 upon formation of the complex leads
to the selection of one of the two states present in the free form. The state
selected is the blue state that was more defined in the free form already. This
selection happens even though the bundling constraints for that region were
also removed for the calculations of the complex to maintain consistency.
Also of interest is the behaviour of the residues with two states in the free
form and what happens to those states upon binding of the ligand. Those
changes will also be compared to the networks reported by Fuentes et al. [38]
and Dhulesia et al. [40].
There are some residues that do not change their behaviour, these are Leu78,
Val61, Ile52, Ile6 and Val58. Leu78 and Val61 have the same two states in the
complex and in the free form. Ile52 shows only a minor change in the position
of the δ–methyl group of the orange state in the complex with respect to the
red state in the free form. The separation of Ile52 has a good correlation to
that of Ile20 although for the Ile20 the populations are shifted. Ile6 and Val58
both populated the same two states in the free form and in the complex.
Besides the loop many of the residues show changes in their behaviour. These
changes include selection of one state, a population shift or the splitting into
two new states.
The first residue treated, Ile41, has only one state in the complex and that
state matches the blue state of the free form. Leucine 66, that belongs to the
first distal surface like Val61, also shows only one state in the complex and
its conformation matches that of the red of the free form more closely.
Ile20, that connects the binding site with the second distal surface, still shows
two different states in the complex. The conformations of those states match
the conformation of the states in the free form. However, the populations of
the states are shifted in favour of the blue state in the free form, which holds
almost three quarters of the population in the complex.
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The side–chain of Asn14, which is located close to the carboxylate–binding
loop, shows a larger dispersion in the complex than in the free form. This
continuum of conformations can only be arbitrarily grouped into two states.
This increase in motion might be useful to compensate the entropic penalty
of binding [30] that is experienced by other residues.
The first residue of the carboxylate–binding loop, Ser17, shows two states
both in the free form and in the complex. In the complex three quarter of
the population share the conformation with the blue state of the free form.
The remaining 25 % adopt a conformation that is rotated with respect to the
red state of the free form.
The following residue, Leu18, has only one state in the free form and splits into
two states in the complex. Although it has to be noted that the separation
is rather blurry when compared to other residues.
Val30, a residue located at the opposite end of the binding site, also shows two
states with a shift in the populations in the complex. 70 % of the population
in the complex adopt the same conformation as the blue state in the complex.
The remaining 30 % of the population of the complex adopt a population
that is similar to that of the red state in the free form.
Ile35, which is the starting point of the third β–strand, shows a different
behaviour. What was only one state in the free form splits into two states in
the complex. The orange state of the complex has the same conformation as
the side–chains of the free form.
A similar behaviour is shown by Lys38. However, in contrast to Ile35, Lys38
does not have one defined state in the free form but shows a multitude
of conformations. Consequently the conformation of the free form is not
represented in the two states of the complex. As it was already the case for
the previous residues the populations of the states in the complex are not
equal (32. % and 67.5 %).
Lys54, located before the fourth β–strand, shows a similar picture as Lys38.
The difference is that for Lys54 the populations in the complex are distributed
equally.
Left to be discussed are the residues of the long α–helix forming one edge
of the binding site. Due to a lack of restraints the aromatic ring of His71
cannot be fixed in one position, however the orientation of the Cα–Cβ–bond
matches that of the red state in the free form.
For Gln73 the two clear states of the free form change to very disperse single
state in the complex. This might again be a compensation mechanism for
the loss of entropy upon binding as already mentioned for Asn14 [30]. Since
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the side–chain of Gln73 points away from the binding site and towards the
solvent this seems very well possible.
Val75 shows a different picture. What was a single well defined state in the
free form is split into two different states for the complex. Of those, the light
blue state matches the conformation of the free form.
More or less the opposite happens for Glu76. Of the two well defined states
of the free form, the blue state is chosen by the complex, with the exception
of two outliers that match the red state.
Thr77 shows two states both in the complex and in the free form. The states
of the free form and the complex are similar with only minor differences
concerning their relative orientations to each other.
The last residue is Arg79 has two states in the free form. In the complex the
conformation of the red state is favoured (90 % of the population), while the
minor state of the complex has the same conformation as the blue state in
the free form.
From the described residues it becomes evident that the shift of populations
upon binding is a “recurring theme”. In this light it is important to note that
the selection of one of two states is also a shift in populations. This is simply
an extreme case where one state holds 100 % of the population and the other
state has no population.
Figure 2.87 shows the residues experiencing changes upon complex formation
on the single–state structure of the complex.
Figure 2.88 shows in red the residues that also previously have been found
to experience changes upon complex formation. From this figure it can also
be seen that most of the residues that have been identified in this work have
not been reported previously.
The subsequent figure 2.89 shows all the residues of the networks of those
references. The previously published networks show more involvement of the
hydrophobic core than the network found in this work.
The network found in this work provides a different pathway for the information to travel than the reference networks and also includes residues that
are closer to the surface of the domain. This could also allow for an easy
propagation of the information to adjacent domains and proteins.
The differences in the networks should not be viewed as contradictory since
different methods were employed to identify the networks. As a consequence
the different methods employed to identify the networks in this and in previous
works should be viewed as complementary since they focus on different aspects
of the protein. One mechanism of communication throughout the protein does
not role out that there is also another pathway.

177

Figure 2.87: Residues that show changes upon formation of the complex
shown on the single–state structure of the complex. Residues
and regions shown in orange experience changes upon formation
of the complex.
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From a biological point of view it also makes sense to have more than one
pathway for the propagation of information. This can make the system more
robust against disruption since it provides a “backup” if one pathway is
interrupted. This is especially useful for protein functions that are vital to a
cell or organism. Also this second pathway for signal transmission could work
as a kind of a check digit that prevents erroneous activation of the domain.

(a)

(b)

Figure 2.88: Residues that show changes upon formation of the complex
shown on the single–state structure of the complex. Residues
and regions shown in orange and red experience changes upon
formation of the complex.
Residues that are shown in red are common to the network found
in this work and to the networks that have previously been published. (a) Fuentes et al. [38], residues Leu18, Ile20, Val30, Leu66;
(b) Dhulesia et al. [40], residues Leu18, Val30, Ile35, Lys54.
Of the residues that have been found to be affected by ligand binding in this
work Ser17, Leu18, Ile20, Val30, His71, Val75 and Arg79 are located at the
binding site and can make direct contact with the ligand. Gln73 and Glu76 are
also located within the long α–helix at the binding site but their side–chains
are pointing away from the binding site and are thus only indirectly affected
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(a)

(b)

Figure 2.89: Previously published signal transmission networks.
(a) Fuentes et al. [38]; (b) Dhulesia et al. [40].
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by the binding of the ligand. Asn14 shows a good correlation to Leu18. This
correlation might be propagated via the backbone. Ile35 is belongs to the
hydrophobic core of the protein and sits close to the binding site. Its spatial
proximity to Leu66 enables communication between those two residues. Ile20
links the binding site to Ile41 which then acts as a hub that can propagate
the information to Lys38 and Lys54 sequentially. This link is also reflected
in the good correlation of the states between Ile20 and Lys38 and Lys54
respectively.
The residues are most likely linked through the side–chains since the separation only travels the distance of a few residues along the backbone. For
longer distances the correlation in the backbone is lost.
The results here are based on a preliminary structure. A newer and improved
version will be published.
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3 Conclusions and Outlook
3.1 Conclusions
In this work a new pathway for transmission of the binding information
throughout the PDZ2 domain of hPTP1E was identified. The network was
obtained using multi–state structures calculated with restraints derived from
exact NOEs of the free form and of the complex of the PDZ2 domain. This
network transmits the information via changes in the conformations of the
side–chains since the correlation of the backbone of the protein only reaches
as far as a few residues along the backbone.
The obtained network was compared to previously published networks [38,40].
Some residues participate in all networks but most residues belonging to the
network identified in this work do not participate in the other networks
meaning that the presented network is different from the previous ones.
The method used to identify the network in this work should be viewed as
complementary to other methods since different methods can capture different
aspects of the dynamics of the protein.
In the free form, the correlation between the different residues is rather weak.
Upon formation of the complex the correlation becomes stronger and the
pathway between the binding–site and distal sites via side–chain dynamics
is revealed.
The presence of a biological function that is caused by changes of the side–
chain in the absence of large changes in the backbone emphasises the role
of dynamics for biological function and reveals the subtle changes that are
crucial for life.
The results of this work are based on a preliminary structure. A revised and
improved version will be published.
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3.2 Outlook
The results discussed in this work are based on a preliminary structure. A
revised and improved version of the structure is going to be published.
In view of the presence of multiple states and their importance for the proper
function of the enzyme, their properties should be investigated further. One
question that cannot be solved with the approach used in this work is knowing
the population of the different states. By assuming two equally populated
states, the possibility of different populations and also the possible presence
of an additional state with a very small but relevant population is neglected.
Even if actually only two states would be present, their populations might
differ and this might be crucial to the actual conformations present. This is
why the question of the distribution of populations over the states should
definitely be addressed in the future.
These states with small populations can yield an explanation for the apparent conformational change that is often observed upon ligand binding. The
poorly populated state is not influencing the average structure of the free
structure but dominates the average structure of the complex.
Assuming the generalised model for allostery as presented in section 1.1 in
the introduction [18] that states that all conformations can dynamically be
adopted by the protein irrespective of the ligation state is true, the presence
of such a poorly populated state gives an explanation for still observing conformational change upon ligand binding, where only a shift in the equilibrium
should be present. This illustrates why it is important to also address the
question of the population of the different states and not only the possible
conformations that can be accessed by the protein.
Residue isoleucine 20 gives a good example why the issue of populations
is such an important and should be addressed next, since not only do the
conformations of the different states contain important information but also
their populations and changes therein.
In consideration of the fact that PDZ domains participate in many important
biological processes such as signaling, ion transport, the mediation of adhesive
properties of certain cells and the formation of intercellular tight junctions [31]
and their abundance in human cells [34] it seems a good idea to use PDZ
domains as drug target.
Changes in protein–protein interactions could be a more safe and efficient
target criterion for drugs instead of targeting an integral membrane protein
which could also lead to other side–effects. Unfortunately, so far it is difficult
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to target protein–protein interactions due to the generally large and flat
protein surfaces involved in such interactions [53]. PDZ domains are a good
example here, since they have a relatively long and elongated binding site
that is not suitable for conventional small–molecule drugs and thus probably
more suitable for peptide–like structures [30].
The allosteric properties of the PDZ2 domain also provide a potential mechanism for interaction with drugs, since in principle any binding position for a
drug molecule on the surface of the domain can alter the conformational redistribution and thus affect the function [15]. In fact, nature probably makes
use of allostery, since mutations that lead to drug resistance are mostly found
away from the binding site, like it is the case for the HIV protease where the
mutations change the orientation of some domains that subsequently changes
the size and shape of the binding site [97].
Gaining a deeper understanding of the allosteric communication within the
PDZ2 domain can thus provide substantial help in finding a drug that can
modulate its function and thus be used in the treatment of breast cancer
for example. The understanding of the allosteric transmission of the binding
signal within the PDZ2 domain can also help to extend the knowledge about
allostery in general and provide further opportunities for potential drugs that
target other enzymes.
Together with finding a peptide–like drug that is able to bind to the interaction surface of the PDZ2 domain there comes also the challenge of delivering
that drug into the cell and achieving a stability that allows for sufficient time
for the treatment to become effective. This issue can and should be addressed
further using chemical modifications that facilitate membrane penetration
and modifications that inhibit degradation of the peptide by cellular proteases. Then there is also the issue of the low–affinity that arises from the
shallow shape of the binding site, nature addresses this problem by compartmentalisation that forces the protein and its ligand in such spatial proximity
they basically cannot avoid to bind, this problem can be addressed by using
dimeric drugs that address tandem domains [54].
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4 Materials and Methods
4.1 Production and Puriﬁcation of the PDZ2
Domain and Sample Preparation
The construct used for expression of PDZ2 of human tyrosine phosphatase
1E (hPTP1E) contained a N-terminal His–tag followed by a 3C cleavage
site. The protocol for expression and purification was based on the protocols
established by Fuentes et al. [38] and Bloem et al. [96].
Using the pET21 expression vector with an hexahistidine–tag, the fusion
protein was expressed in Escherichia coli BL21 (DE3) cells. For expression
of 15 N–/13 C–enriched protein minimal medium was used with 15 N–enriched
ammonium chloride and 13 C–enriched glucose as sources of nitrogen and
carbon, respectively.
Expression was induced with 1 mM of IPTG (Isotec) at OD600 at 37 ◦ C and
the cells were harvested after saturation was reached (around 11 h in H2 O–
based medium). After centrifugation at 4500 rpm and 4 ◦ C for 15 min the
pellet was either stored at −20 ◦ C or directly resuspended in 40 mL of binding
buffer (6 M GdnHCl, 50 mM Tris at pH 8, 10 mM imidazole) per liter of cell
culture.
Cell lysis was obtained with the Microfluidizer (Microfluidics) and the lysate
was subsequently centrifuged twice, first 30 min at 19 000 rpm and 4 ◦ C and
the second run for 30 min at 20 000 rpm and 4 ◦ C. The supernatant was
filtered through a 0.45 µm filter and β–mercaptoethanol was added to a final
concentration of 2 mM was added.
The crude cell lysate was purified over a Ni–NTA column (GE Healthcare,
5 mL resin per liter of culture). The column was equilibrated with binding
buffer (6 M GdnHCl, 50 mM Tris at pH 8, 10 mM imidazole) before loading
the crude cell lysate. The column was washed with the binding buffer and
eluted with a gradient to the elution buffer (6 M GdnHCl, 50 mM Tris at
pH 8, 500 mM imidazole).
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Ethylendiaminetetraacetic acid (EDTA) was added to a final concentration
of 40 mM and stored overnight at 4 ◦ C to remove residual Ni2+ –ions that
might still be bound to the His6 –tag.
All desired fractions were pooled and desalted (HiPrepTM 26/10 Desalting
column, GE Healthcare) to 50 mM Tris at pH 8.5.
Cleavage of the fusion protein was performed with 3C–protease with a final
molar ratio of 1 : 10 to 1 : 100 (3C:His6 –3C–PDZ2) and incubation overnight
(12 h) at 4 ◦ C. Successful cleavage was checked by SDS–PAGE and the 3C–
protease as well as the free His6 –3C peptide were removed by running the
sample over a Ni–NTA column (GE Healthcare) equilibrated with 50 mM Tris
at pH 8.5. The flow–through was collected and exchanged into the desired
NMR buffer (50 mM phosphate, 150 mM sodium chloride at pH 6.8). The
bound 3C–protease and the His6 –3C peptide were eluted by washing the
column with 50 mM Tris at pH 8.5, 500 mM imidazole.
The eight C–terminal residues of the Rap Guanine Nucleotide Exchange Factor (RA–GEF2) [5, 38, 95, 96] were used as ligand to study the influence of
ligand binding on the structure. The peptide had the following sequence:
Ac-ENEQVSAV–COOH (BACHEM), the longer 15 residue C–terminal fragment of RA–GEF2 (Ac-FADSEADENEQVSAV–COOH) was also tested but
showed no significant changes opposed to the former, shorter, peptide, therefore analysis was limited to the shorter, eight–residue, peptide.
[6, 56]

4.2 NMR Spectroscopy and Structure
Calculations
The NMR measurements were performed on a 600 MHz and a 700 MHz Bruker
spectrometer both equipped with four radio frequency channels and a triple
resonance cryoprobe.
Processing and analysis of NMR spectra was performed with NMRPipe [98]
and ccpNMR [99]. Structure calculations were performed using CYANA [100]
and eNORA [90]. In addition to that, dihedral angle restraints were obtained
with the program TALOS+ [101].
All measurements were performed in standard NMR–sample tubes at 298 K
sample temperature with a sample volume of 500 µL on a sample with a
protein concentration of 2 mM that was uniformly 15 N and 13 C labelled,
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unless stated otherwise.
The following spectra were acquired for the sequential assignment: 3D–HSQC
HNCA [102] with 50(t1,max (15 N) = 22.5 ms)*80(t2,max (13 C) = 16.0 ms)*
1024(t3,max (1 H) = 102.5 ms) complex points, an interscan delay of 0.6 s and
8 scans per increment; the data was zero–filled to 2048 points in the direct
proton dimension, to 128 points in the 15 N–dimension and to 256 in the 13 C–
dimension and processed with a squared cosine window function in the proton
dimension and with a cosine window function in the heteroatom dimensions.
3D–HSQC HNCACB [103,104] with 32(t1,max (15 N) = 14.4 ms)*80(t2,max (13 C) =
7.0 ms)*2048(t3,max (1 H) = 204.9 ms) complex points, an interscan delay of
0.6 s and 8 scans per increment; the data was zero–filled and processed in the
same way as for the HNCA spectrum.
3D–HSQC HNCOCA [101] with 50(t1,max (15 N) = 22.5 ms)*40(t2,max (13 C) =
6.4 ms)*2048(t3,max (1 H) = 204.9 ms) complex points, an interscan delay of
0.6 s and 8 scans per increment; the data was zero–filled and processed in the
same way as for the HNCA spectrum.
For the side–chain assignments the following experiments were recorded:
HCCH–TOCSY [105] with 64(t1,max (1 H) = 11.4 ms)*32(t2,max (13 C) = 2.4 ms)*
1024(t3,max (1 H) = 91.8 ms) complex points, an interscan delay of 0.6 s and
4 scans per increment; the data was zero–filled to 1024 points in the direct
and to 128 points in the indirect proton dimension and to 64 points in the
carbon dimension, processing was done with a square cosine window function
for the direct proton and the carbon dimension and with a cosine window
function for the indirect proton dimension.
15
N–resolved 1 H–1 H–TOCSY with 32(t1,max (15 N) = 14.4 ms)*256(t2,max (1 H) =
25.6 ms)*1024(t3,max (1 H) = 102.5 ms) complex points, an interscan delay of
0.6 s and 4 scans per increment; the data was zero–filled to 1024 points in the
direct proton dimension, to 64 points in the 15 N–dimension and to 512 points
in the indirect proton dimension, processing was done with a squared cosine
window function in the proton dimensions and a cosine window function in
the 15 N–dimension.
[15 N,13 C]–resolved [1 H,1 H]–NOESY with 40(t1,max (15 N) = 14.4 ms/
t1,max (13 C) = 7.6 ms)* 200(t2,max (1 H) = 22.0 ms)*1024(t3,max (1 H) = 102.5 ms)
complex points, an interscan delay of 0.6 s and 4 scans per increment; the data
was zero–filled to 1024 points in the direct proton dimension, to 128 points in
the 15 N/13 C–dimension and to 512 points in the indirect proton dimension,
processing was done with a squared cosine window function for the proton
dimensions and a cosine window function for the 15 N/13 C–dimension.
For the extraction of distances restraints a series of [15 N,13 C]–resolved [1 H,1 H]–
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NOESY–HSQC experiments with different mixing times was acquired, these
included the following mixing times τm of 8 ms, 16 ms, 24 ms, 32 ms, 40 ms,
48 ms, 80 ms, the spectrum with mixing time τm = 80 ms was only used for
assignment and not for extraction of distances.
NOE build–up rates and distance restraints were obtained with eNORA [90]
with full matrix formalism for the treatment of spin diffusion.
Additional information for the structure calculation was obtained from scalar
coupling constants, these included:
HN –Hα scalar couplings obtained from a series of intensity–modulated HMQC
spectra [87] with 80(t1,max (15 N) = 28.2 ms)*512(t2,max (1 H) = 52.3 ms) complex points, an interscan delay of 1 s and 32 scans per increment; data was
zero–filled fo 4096 points in the proton dimension and to 1024 points in
the nitrogen dimension, processing was done with a square cosine window
function in both dimensions.
Hα –Hβ scalar couplings obtained from a HACAHB–COSY [106], with D2 O
as solvent to alleviate the need for water suppression, with 50(t1,max (13 C) =
14.2 ms)* 54(t2,max (1 H) = 7.5 ms)* 2048(t3,max (1 H) = 204.9 ms) complex
points, an interscan delay of 1 s and 16 scans per increment, here the protein
concentration was 0.4 mM; data was zero–filled to 1024 points in the direct
proton dimension, to 512 points in the indirect proton dimension and to 128
points in the carbon dimension, processing was done with a square cosine
window function in the direct proton dimension and with a cosine window
function in the other two dimensions.
Side–chain heavy atom aromatic N–Cγ and CO–Cγ coupling constants [88]
from intensity–modulated HSQC spectra with 200(t1,max (15 N) = 150.0 ms)*
512(t2,max (1 H) = 51.2 ms) complex points, an interscan delay of 1.2 s and
16 scans per increment for the N–Cγ couplings, data was zero–filled to 4096
points for the proton dimension and to 1024 points for the nitrogen dimension, both dimensions were processed with a cosine square function; and
100(t1,max (15 N) = 75.0 ms)*512(t2,max (1 H) = 51.2 ms) complex points, an
interscan delay of 1 s and 32 scans per increment for the CO–Cγ couplings;
data was zero–filled and processed in the same way as for the N–Cγ coupling
constants.
The rotational correlation time τc was determined from the longitudinal
and transversal relaxation times T1 and T2 according to Kay et al. [107]
from a series of intensity–modulated 15 N–TROSY spectra for the determination of both T1 and T1,ρ using standard pulse sequences [108] with
192(t1,max (15 N) = 86.4 ms)*2048(t2,max (1 H) = 204.9 ms) complex points, an
interscan delay of 1 s and 8 scans per increment for the determination of T1 ;
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data was zero–filled to 2048 points in the direct dimension and to 512 points
in the 15 N–dimension, both dimensions were processed with a cosine square
window function; 192(t1,max (15 N) = 43.2 ms)*2048(t2,max (1 H) = 204.9 ms)
complex points, an interscan delay of 1 s and 8 scans per increment for the determination of T1,ρ ; data was zero–filled processed like for the determination
of T1 .
Additionally, backbone 1 H–15 N heteronuclear NOEs were recorded [107] with
128(t1,max (15 N) = 51.5 ms)*2048(t2,max (1 H) = 204.9 ms) complex points, an
interscan delay of 2 s and 16 scans per increment; data was zero–filled to 4096
points in the direct dimension and to 1024 points in the indirect dimension,
both dimensions were processed with a cosine square window function.
Stereospecific assignment of side–chain methyls was done using fractional 13 C–
labeling for leucine and valine side–chains using a 2D 13 C HASQC [109, 110]
experiment with 2000 (t1,max (1 C) = 100.0 ms) * 2048 (t2,max (13 C) = 81.9 ms)
complex points, an interscan delay of 1 s and 16 scans per increment; data
was zero–filled to 2048 points in both dimensions and processed with a cosine
window function.
Structures were calculated using the CYANA program [89, 91–94] and the
script CALC.cya can be found in the appendix.
The program GLOMSA [89] was used to obtain stereospecific assignment
based on the input data, for asparagine HD21 and HD22 and glutamine
HE21 and HE22 structural considerations were used to fix the stereospecific
assignments.
Assignment of the complex was done using the FLYA [94] which is part of
the CYANA program.
The rotational correlation time τc for the apo form was determined from
backbone amide longitudinal and transverse relaxation times T1 and T2
to be τc = 6.9 ns. For the complex the rotational correlation time τc was
determined in the same way to be τc = 6.4 ns.
Molecular representations were created using Chimera [111].
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5 Appendix
5.1 Structure Calculations
5.1.1 CALC.cya script
s y nt a x i n p u t s e e d=@i=3771
# −−−−−− S t r u c t u r e c a l c u l a t i o n −−−−−−
read
read
read
read

upl
lol
aco
cco

bundle . u p l
bundle . l o l
bundle . aco
bundle . c c o

i f ( e x i s t f i l e ( ’ t o g e t h e r . upl ’ ) ) r e a d u p l t o g e t h e r . u p l
,→ append
anneal_weight_rdc := 0 . 0 , 0 . 5
anneal_weight_aco := 1 . 0 , 1 . 0 , 0 . 0 , 0 . 0
anneal_weight_cco := 0 . 0 , 0 . 5
s e e d=i n p u t s e e d
c a l c _ a l l 100 s t e p s =50000
cut_cco =1.0
cut_rdc =3.0
weight_aco = 0 . 0
rmsdrange
,→ :=6 −11 ,20 −24 ,35 −40 ,45 −49 ,57 −58 ,60 −61 ,64 −65 ,71 −79 ,85 −90
,→
o v e r v i e w bundle s t r u c t u r e s =20 r e f e r e n c e=PDZ2_neu . pdb
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,→ pdb
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