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Abstract

This thesis starts out by introducing the objective of the project. This first chapter also provides the

reader with a basic understanding of the key principles of Molecular biosensing, intracellular calcium

signaling and CaM, Cryptophane, NMR, Xenon NMR and Xenon HyperCEST in particular. The

connection between all these very different topics will be provided alongside, in the introduction.

The importance of intracellular calcium signaling is explained as part of the motivation for this

project.

The chapter "Responsive MR Biosensors for Ca2+ Detection" illustrates the development of Ca2+

biosensing in research. This history of investigations resulted in many useful biosensors, which are

becoming increasingly sensitive, specific and biocompatible. The chapter illustrates that there is

a community of researchers, large and diverse in their fields, which pursue Ca2+ biosensing and

imaging and the thereby gained possibilities to study neuronal patterns of all kinds and more. It

also describes the many possibilities to measure and report intracellular Ca2+, and how different

approaches are used to measure that in NMR.

The aim is outlined and stated afterward, to clarify the motivation and objective of the project.

Then, the results of the study are described in the chapter "Results". Afterwards, the results

are discussed and interpreted in the chapter "Discussion". The chapter "Summary, Conclusion and

Outlook" features a short summary of the discussion, after which conclusions from the entire project

are drawn. An Outlook is provided afterwards, to illustrate connection points for further research,

or follow-up projects. Materials and Methods are explained at the end, as a repository of further

information.
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Zusammenfassung

Diese Dissertation beginnt mit der Motivation des Projekts, aus dem diese Promotion entspringt.

Die Einleitung führt zunächst in die Grundkonzepte molekularer Biosensoren und intrazellulärer

Kalziumsignale ein. Zentrale Moleküle wie Calmodulin und Cryptophan, sowie Schlüsselthemen wie

NMR, insbesondere Xenon-NMR, spin-hyperpolarisation und HyperCEST-NMR werden vorgestellt.

Diese sehr unterschiedlichen Themen werden außerdem in einen Zusammenhang gebracht. Die zen-

trale Rolle der Kalziumionen in der intrazellulären Kommunikation wird in diesem Zusammenhang

erklärt. Die ubiquitäre und zentrale Bedeutung von Kalziumsignalen für die zelluläre Entwicklung

lässt erkennen, warum anhaltend an ihrer Sichtbarmachung und Erforschung gearbeitet wird.

Das Kapitel „Responsive MR Sensors for Ca2+ Detection” veranschaulicht die Entwicklung von

Ca2+ - Biosensoren in der Forschung. Im Verlauf der Forschung und Entwicklung an Ca2+ -

Biosensoren sind viele und vielseitig nutzbare Biosensoren entstanden, die sich immer spezifischer

und empfindlicher auf Kalziumsignale reagieren können. Auch die Verträglichkeit und Biokom-

patibilität dieser Biosensoren wird stetig verbessert. Die Forschung rund um Ca2+ - Biosensoren

und Ca2+ - Bildgebung wird von Forscherinnen vieler verschiedener Fachrichtungen betrieben, von

denen jede einen eigenen Blick auf Kalziumsignale und die ihnen zugrundeliegenden zellulären oder

neuronalen Prozesse beiträgt. Diese Diversität wird auch in den vielen Möglichkeiten, Kalziumsig-

nale zu messen, wiedergespiegelt. Allein für die Kernspinresonanz gibt es dafür unterschiedliche

Ansätze, und es werden fortlaufend neue entwickelt.

Nach dieser Einführung wird das Ziel dieser Promotionsarbeit konkret und kurz formuliert. An-

schließend werden die Ergebnisse im Kapitel „Results“ beschrieben. Im darauf folgenden Kapitel

„Discussion“ werden diese Ergebnisse dann interpretiert und diskutiert. Das Kapitel „Summary,

Conclusion and Outlook“ fasst die Diskussion zusammen, um am Ende zu Schlussfolgerungen aus

dem gesamten Projekt zu gelangen. Anschließend wird ein Ausblick gegeben, in dem Möglichkeiten

beschrieben werden, gegebenenfalls aus anderen Fachrichtungen an das Projekt anzuknüpfen. Alle

verwendeten Methoden und Materialien sind am Ende der Arbeit beschrieben.
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1 Introduction

1.1 Key Tools and Concepts

1.1.1 Motivation: Calcium as a Target

An unusual intracellular calcium level is the very beginning of cell proliferation or death, and

often the first sign of dysfunctional ion channels. Therefore intracellular calcium is an excellent

target for early diagnosis. The most severe pathologies include unusual levels of intracellular cal-

cium. Important channel proteins for calcium extrusion are missing or dysfunctional in multiple

sclerosis patients and animal models, resulting directly in unnaturally high levels of intracellular

calcium [47]. Lately, severe diseases have been found out to be channelopathies: several Cancers [52]

and Alzheimer’s Disease [79] are associated with a high intracellular calcium level at the beginning.

The link between chronic hepatitis B and hepatic carcinoma is a protein, which elevates cytoso-

lic calcium signals [94]. Ehling et al.propose that Multiple Sclerosis might be a channelopathy as

well [23].

A comprehensive view of intracellular calcium levels has the potential to reveal sites of initiation

of many of those diseases. Currently, clinical diagnosis requires a large enough damaged region of

tissue (lesions, etc.). A calcium map of entire organs bears the potential of much earlier diagnosis.

1.1.2 Calcium Signaling

Calcium is an essential second messenger in all cells. The modulations in intracellular calcium

concentration have characteristic patterns, either frequency or amplitude encoded. The calcium

binding proteins of the cell receive this encoding pattern and react to it by recruiting other proteins.

Which proteins are recruited, depends on the encoding pattern and the locus in the cell. Calcisomes,

multi-protein aggregates, are assembled of these proteins, and execute further functions, effectively

translating a calcium modulation and a spatiotemporal component into an aspect of cellular fate.

Haiech’s 2001 review [30] describes this role of calcium in the signaling context.

There are over 100 calcium binding proteins, and probably the most important one is calmodulin

1
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Figure 1.1: This non- exhaustive schematic calcium signaling map illustrates the calcium fluctua-
tions in and out of the cell, and within it, the many pathways that are governed by
calcium, and the pivotal role of CaM in this tightly controlled network of calcium sig-
naling. It was adapted from ref. [13].

(CaM). "Similar to a hub, it [CaM] is central to a large and finely tuned network, receiving infor-

mation, integrating it and dispatching the cognate response.", describes Haiech accurately in [30].

CaM regulates the calcium flux and homeostasis within the cell as well as the entry and exit of

calcium into the cell via different channel proteins. Fig. 1.1 is a non-exhaustive schematic map of

the calcium signaling network across the cell, illustrating how central CaM is to calcium signaling.

The calcium transporting channel proteins can be roughly classified into voltage operated, ligand or

receptor opterated, store operated and second messenger operated channels, and all of them can be

influenced by CaM. An example for Calmodulation of a channel is the regulation of voltage-gated

channels: One of their peripheral domains is preassociated with the calcium-free Apo-CaM. Upon

calcium binding, subtle rearrangements of the conformation lead to a reduced ion transmission [10].

There are also active transport and diffusion of Ca2+ across the outer cell membrane and in and

out of organelles, and these too are influenced by CaM. To buffer all in- and efflux to and from

the cytoplasm and maintain calcium homeostasis, there are hundreds of different calcium-binding

proteins, of which CaM is one. Calcium-binding proteins are distributed ubiquitously throughout

2
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A B

Figure 1.2: A: Schematic illustration of the conserved parts of the sequence and the functionality of
the EF-Hand. Reprinted with permission from Zhou et al. [97]. B: PDB structure of Rat
Calmodulin (CaM), according to the PDB identifier 3CLN [5]. Ca2+ ions are marked in
green.

the cell, to absorb any excess of calcium ions.

The 174 residues of CaM are organized in two structurally similar domains, containing mainly two

EF-hands per domain. The EF-hand is a structural motif that occurs across all life forms, and

has developed to bind calcium by electrostatic interactions with negatively charged residues. The

functional and structural principle of an EF-hand is illustrated in Fig.1.2A. With four EF-hands,

one CaM molecule binds four calcium ions (as shown in Fig.1.2B), and is enabled to bend in the

middle and ultimately translate this event into regulatory information.

CaM is not merely a calcium binding and buffering protein, as fig. 1.1 shows, but a very important

regulatory signaling hub. It evolved to be optimal for binding the autoinhibitory domains of many

regulatory proteins. It functions like a guided key, unlocking further signaling routes, and thereby

the downstream flow of information. CaM has the ability to receive and transmit local calcium

signals (by binding site specific targets) and global ones (by being ubiquitously present).

The two parts of CaM are connected by a long helical domain with a possibility to bend in the

middle, allowing the two EF-hand-pairs to wrap tightly around the rod-shaped, helical binding

partner. The PDB Structure shown in fig. 1.3, depicts the Ca2+ saturated CaM (also called Holo-

CaM) bound tightly to a peptide in what is called the wrap-around binding. The target shown

there is named M13, and it comprises the autoinhibitory domain of smooth muscle myosin light

chain kinase (SMLCK), which is CaM’s highest affinity target.

The helical peptides for this study are chosen to represent the canonical wrap-around binding mode.

One of them is M13, shown in fig.1.3, and the other one is called RS20.

3



CHAPTER 1. INTRODUCTION

Figure 1.3: PDB structure 2BBM, according to Ikura et al. [34], showing human Holo-CaM bound
to M13, an artificial peptide crafted to resemble the autoinhibitory domain of smooth
muscle myosin light chain kinase. Ca2+ ions are marked in green

The helical CaM binding peptide can be very diverse in sequence, as the wide variety of CaM

binding partners demand this high flexibility. Yet its helix propensity, amphiphilicity and anchor

residues are conserved. The anchor residues are one or two hydrophobic residues which upon

target recognition, are buried in hydrophobic, methionine-coated pockets within CaM, and so act as

anchors, stabilizing CaM-target binding. In ref. [26], the authors explain the anchoring mechanism,

and its pivotal role in target recognition and binding in more detail. By wrapping around it,

CaM occupies the autoinhibitory domain of its target enzyme, thereby activating the enzyme and

downstream regulatory cascades.

The enzyme or pathway types, which are listed on the left side of fig.1.1, indicate bundles of enzymes

or effective downstream paths for calcium and CaM. For example, a calcium signal can begin with

the CaM mediated activation of one kinase from a set of kinases, which phosphorylates another

enzyme from a set of enzymes, which converts a substrate. The CaM dependent kinases, their

target enzymes and their downstream substrates are numerous, this leads to a myriad of possible

outcomes of a modulation in calcium concentration.

The highly sensitive signaling hub CaM is only present at very low concentrations. Wu and Bers

report a total concentration of 2-25 μM CaM in cultured mammalian cells [92]. They also report

free CaM concentrations of 50-74 nM in rabbit cardiac myocytes, which is less than 1% of the total

CaM concentration. A study on the availability and motility [70] of i.c. CaM reported similar total

CaM concentrations from an expression in HEK293 cells, and confirmed that the fraction of free

CaM is very small. These two studies describe CaM mediated signaling as a harsh competition

among the family of over 100 CaM binding proteins for the scarcely available CaM.

4
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1.1.3 Molecular Biosensors

For most molecular analysis driven by electronic devices, i.e. spectrometers, magnetic and electrical

fields or optical detectors, except for mass spectrometry and surface plasmon resonance, calcium in

aqueous solution is indistinguishable from other divalent cations. The unperturbed observation of

calcium ions requires additional reporting mechanisms. Especially for the observation of calcium

in living cells and organisms, molecular biosensors are the only way to discriminate between the

different divalent cations. The calcium signals shown in Fig.1.1 are among the first signs of calcium-

related diseases. At the center of Fig.1.1 is a rough estimate of the resting calcium concentration

in many cell types:100 nM. This concentration requires molecular biosensors with high sensitivity,

especially considering how densely packed the cytosol is with other molecules. This is why molecular

biosensors are absolutely essential for the development of early diagnosis methods of any calcium-

related diseases. The definition of a biosensor is quite open. Generally, a biosensor is the missing link

between the biological molecule of interest and the electronic device for detection. The detailed and

elaborate IUPAC definition of a biosensor [62] shows that many different things and combinations

can be a biosensor. What makes our molecule combination a biosensor is its two-component system,

illustrated in Fig.1.4: There is a targeting unit and a detection unit, of which the biosensor consists.

The targeting unit interacts specifically with biological target molecules, highlighted in green in

Fig.1.4, indicating a biologically relevant event. The targeting unit is shown in light gray in Fig.1.4.

It is a CaM-binding peptide, which binds to calcium-loaded CaM.

The reported biological event is the rise and fall of intracellular calcium levels. When CaM binds

to the peptide, which is the targeting unit, this peptide influences the detection unit, the round

molecule attached to the peptide in Fig.1.4. The detection unit emits a detectable and distinguish-

able signal, which can be physically measured by an electronic device. In this study, this signal is

indicated by the graph in Fig.1.4. Many biosensors have detection units that are unconditionally

detectable. This biosensor is only detectable under certain conditions, that are met when it is

bound to the target. Because this is instantly reversible, the biosensor can respond to dynamic

changes in calcium concentration. This makes our biosensor responsive.

In short, responsive biosensors have several main advantages:

• The biosensor reports not only on target presence, but also on target binding functionality

• Unbound biosensor molecules do not influence the measurement

• Dynamic changes of target binding activity can be recorded accurately

5
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Calmodulin/Ca2+
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Figure 1.4: The biosensor principle, shown with the biosensor of this study. The components that
make it a biosensor are marked ba the different boxes: The detectable signal, the
detection unit, which issues the signal, the targeting unit, and the biological target
molecule(s), with which the target unit can bind specifically. The green box illustrates
the flexible definition of this biosensor: The native CaM of the cell can be viewed as part
of the biosensor to sense calcium signals, or as biological target molecule, embodying
calcium/CaM signaling.
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Ideally, a response is the consequence of binding and another essential chemical interaction, e.g. me-

tabolization or activation in combination. The next chapter features many examples of responsive

MR biosensors for calcium detection.

1.1.4 Intermolecular Binding

In the cytoplasm, CaM-target binding is the association of two proteins, of which CaM often is

the smaller one. The roles of receptor and ligand are irrelevant in that context. A ligand is

just a molecule that binds to another molecule to serve a biological purpose. In the biochemical

laboratory, when CaM is titrated with just the short binding region of a CaM-binding protein until

excess, the pair can be declared as receptor and ligand, and corresponding models can be applied.

Then, the binding reaction can be described as:

R + L −−⇀↽−− RL

In the preliminary binding experiments of this study, one binding partner was a short peptide,

and another was holo-CaM (CaM saturated with calcium) or apo-CaM (calcium-free CaM). To

assess, the binding activity of CaM and the affinity for the modified peptides, titrations were

performed. Because the measurable signal indicating formation of the binding complex originates

from the peptide, the peptide concentration needed to remain constant, and holo-CaM was supplied

until saturation. The conditions for a binding curve for this titration are met if one very unusual

declaration is made: holo-CaM is regarded as the ligand, the peptide as the receptor. The biosensor

in this study ultimately indicates tiny changes in the concentration of calcium ions. Sufficient CaM-

peptide binding however, is only an essential prerequisite for this, but not the main goal. The main

goal is to derive a binding constant for calcium, to match this biosensor’s calcium affinity to a target

calcium signal, and to compare this biosensor with others. Calcium titrations were performed, and

several calcium-dependent binding processes lead to a measurable signal, the CEST effect. One of

these binding processes is calcium-CaM binding. One CaM molecule can bind four calcium ions,

and does this in a positively cooperative fashion. With every bound calcium ion, the affinity for

calcium ions increases. In a living cell, the total concentration of free calcium ions is several orders

of magnitude higher than the CaM concentration. However, these numbers vary spatially and

temporally throughout the cell, and this variation is essentially the calcium signaling pattern.

With a certain calcium scarcity, the binding between peptide and CaM takes place in multiple

variations at the same time. Not only holo-CaM can bind the peptide. All other calcium-containing

CaM molecules bind the peptide at different rates with different affinities, ascending with the
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number of bound calcium ions. The preliminary check for binding with holo-CaM and apo-CaM

can only access a small excerpt of the actual molecular interplay at work. This is shown in a

comprehensive figure by Valeyev et.al. [85], shown in Fig.1.5

holo-CaM

apo-CaM

K1
K2

KC1
KC2

KP1

KP2

KP3

KP4

K1
K2

Figure 1.5: Schematic of Calcium-CaM-peptide interactions, under the assumption of cooperativity
between the EF-hand motifs. Adapted from Valeyev et.al [85]. The colour of each arrow
represents an individual set of association/dissociation equilibrium constants. Apo- and
holo-CaM are framed in green.

Such cooperative multiple-site binding processes are best described with a sigmoidal curve. But

also first-order binding reactions without cooperativity can have sigmoidal kinetcis. This is the case

when a conformational change is induced by binding, or a mix of different isoforms of a binding

partner is present [19]. During calcium-CaM-peptide binding, CaM undergoes several conformational
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rearrangements, driven by calcium binding and peptide binding. The peptide changes conformation

upon CaM binding, and peptide binding and calcium binding cooperate. Calcium-CaM-peptide

binding probably is a superposition of several sigmoidal transition processes.

A.P. Hill began to develop a description of cooperative multiple-site binding in 1910, when they

described oxygen binding to hemoglobin with the Hill equation and the Hill coefficient [31]. Many

dose-response relationships are described using variants of the Hill equation, mainly because of its

simplicity.

A dose-response-curve with a hill coefficient can be over-interpreted, and there are indeed more ac-

curate descriptions of cooperative multiple-site binding [89] and the calcium-CaM-peptide system [85].

However, the aim of this study was not to describe the kinetics of the calcium-CaM-dependency of

the CEST effect, but to quantify it roughly and to relate the calcium-CaM dependent CEST effect

to possible targets and other similar biosensors. Moreover: the prerequisites for the Hill equation

are met here: a high degree of positive cooperativity and true allostery (independent and individual

calcium binding sites).

1.1.5 Nuclear Magnetic Resonance as a Diagnostic Tool

From the first description of the phenomenon of Nuclear Magnetic Resonance (NMR) by Isidor

Rabi in 1938, for which Rabi received the Nobel prize in 1944, NMR went through an impressive

history of discovery and development. Nowadays, NMR is a standard tool for high-quality medical

imaging. Almost any part of the human body can be imaged with it, including void spaces, such as

the lung. Many MR images come with a rich set of additional data, such as rates for gas transfer

in the lung, or blood flow. Conventional NMR pictures the signal coming from 1H nuclei, which

are very abundant in all living tissue. Figure1.6 illustrates a Magnetic Resonance Image (MRI) of

the entire human body, a brain image, and images of different diseased brains in comparison. All

this can be achieved with 1H nuclei.

The brains in the pathological MRI’s of Fig.1.6 are heavily deteriorated, and the disease is very

clear to see there. There are more subtle signs, at earlier stages of the diseases, which conventional

MRI cannot detect. For their detection, contrast enhancement is necessary. The introduction of

molecules with signal enhancing magnetic properties, contrast agents, is the mostly used approach,

but this is often accompanied with toxicity or side effects of the contrast agent. For example: As

gadolinium may accumulate to toxic levels, gadolinium contrast agents can only be used to a limited

extent. That is also the case with radioactive isotopes, which also provide highly sensitive and

specific contrast enhancement. Methods that make use of inherent molecules and their magnetic
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Figure 1.6: Top: Magnetic resonance image of the entire human body from J.T.Vaughan, Columbia
University, Zuckerman Institute [63]. This kind of imaging can help diagnose and monitor
metastatic diseases. Bottom: a) normal brain, b)glioma, c)meningoma, d)Altzheimer
(AD) e) AD plus visual agnosia f) Pick’s disease g) sacroma h) Huntington’s disease.
Figure excerpt reprinted with permission from Zhang et al [96].
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Figure 1.7: Zeeman splitting of a H nucleus, the simplest nucleus. Figure reprinted with permission
from [81].

properties, like BOLD (Blood Oxygen Level Dependent) and other functional MRI techniques,

and 1H Chemical Exchange Saturation Transfer (CEST), can be done without a certain indication

and repeated a limitless number of times. However, this is tied to the availability of the intrinsic

molecules. Coupling physical contrast enhancement methods with the introduction of molecules

extends the range of possibilities for detection.

NMR originates from the spin of a nucleus. Spin is an intrinsic property of a nucleus or sub-

atomic particle. Spin is the "quantum of magnetic material" (I.Kuprov, Undergraduate Magnetic

Resonance Lecture 01 [46]), and it determines the magnetic moment of that nucleus. The magnetic

moment is directly proportional to the nuclear spin via the gyromagnetic ratio.

µ⃗ = γ ∗ S⃗

The gyromagnetic ratio is the ratio of its magnetic moment to angular momentum. It is an

intrinsic property of a nucleus, of which the orientation of its Larmor precession can be derived.

The magnetic moment has an orientation, too, and it can be pictured as an arrow or vector pointing

in a certain direction. The energy of a magnetic moment placed in a magnetic field is:

E = µ⃗ ∗ B⃗

The different orientations of the individual magnetic moments result in different energies. Those

can be seen as different energy levels. The nuclei on these levels are in different energetical states.

To transition between these states, they can absorb and emit energy as electromagnetic radiation.

This splitting of the energetical state into several possible states of one nucleus is called the Zee-

man splitting, named after its discoverer P.Zeeman. These different levels are illustrated in Fig. 1.7.

The magnetic moment of a nucleus is determined by the distribution of nuclear spins onto the

different spin states. In a spin 1
2 nucleus, like 1H or 129Xe, the available spin states are called up
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and down, and the corresponding nuclear spin quantum number m can be +1
2 (spin up) or −1

2

(spin down), as indicated in Fig 1.7. The energy of one particular state is proportional to the outer

magnetic field B0 and the gyromagnetic ratio γ. These are multiplied by m and Planck’s constant

h̄ to quantify the energy at that state. The transition between the states is consequently termed

δE = h̄ ∗ ω = h̄ ∗ γ ∗ B⃗

Frequencies best describe the form of energy, by which those energy levels can be accessed: elec-

tromagnetic radiation, delivered as radio waves. That’s why, in NMR, energy is usually expressed

in terms of frequency. Frequency can easily be converted back into energy by multiplication with

Planck’s constant. Given that only the magnetization in z direction is relevant, the contribution of

the field can be reduced to its z component. The frequency for the transition between the different

spin states amounts to

ω = γ ∗ Bz

This frequency required for the transition is called the on-resonant frequency for a particular nucleus

in a particular situation. All other frequencies are off-resonant or offset for that nucleus. The on-

resonant frequency can be changed by changing the outer magnetic field, or the gyromagnetic ratio,

bearing in mind that the latter is an intrinsic property of each nucleus. The situation of the nucleus

is its chemical vicinity, its location and spatial distribution. Depending on its situation, the nucleus

will respond to (or resonate with) radio waves that are irradiated at different offset frequencies.

The nucleus is then perturbed, and returns to its unperturbed state eventually, emitting another

radio wave. This process is called relaxation.

The energy difference between the spin states is always relatively tiny, when compared to rotational

and vibrational splittings, or chemical bonds. This is why one nucleus only contributes a tiny

fraction to the signal. 1H is the most frequently used nucleus in NMR, because it is highly abundant

in most organic substances and in all tissues. So, a sufficient amount of net magnetization is only

provided by all 1H nuclei in a sample, summarized as a spin ensemble. From this net magnetization,

a detectable signal can be obtained.

The signal from any nucleus in a magnetic field can be intensified by shortening the relaxation

time, using interactions with contrast agents, which are magnetic molecules. The overall signal can

be boosted by a stronger outer magnetic field. This requires even more extremely cooled, super-

conductive magnet coils, and even more power. Current high-field NMR spectrometers nowadays

operate at field strengths over 21 T. Observing a different nucleus by using an additional set of
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radio frequency coils adds new information to the NMR spectrum or image. Tracer molecules,

labeled with special isotopes, like 13C or 19F, can be followed throughout their path. Occasionally,

as for 13C, their natural abundance can tell about the age of a sample.

Another way to boost the NMR signal is to work with the spin population differences. The po-

larization of a spin system is defined as the population excess, normalized by the total number of

spins in the system.

P = N+−N−
N++N−

As the energy gap, and thus the NMR signal, is proportional to the spin population difference, a

modification of the spin population can boost the signal. The possibility of enhancement depends

on how many spins can be forced to overpopulate one level, and how stable this overpopulation is.

This artificial overpopulation of one level is also called spin hyperpolarization, while the naturally

occurring population difference is called thermal spin polarization.

1.1.6 Xenon Hyper-CEST NMR

At first glance, xenon does not strike as an excellent probe for molecular sensing. But the 129Xe

isotope, is a spin 1
2 system with excellent NMR properties. Due to its large and highly polarizable

electron cloud, its sensitivity for its chemical neighborhood is extremely high, giving it a very large

chemical shift range, and therefore, highly resolved spectra in comparison to 1H. The nucleus con-

tains numerous spins and is highly polarizable, which bears great potential for signal amplification.

Being a noble gas, xenon is practically inert. This can be used as an advantage, as undesired

interactions with other molecules, accumulation or toxicity are out of the question. The inertness

of xenon does not mean it does not interact with other molecules at all. It only means that, due to

xenon’s complete set of 8 electrons on the outer shell, chemical reactions are excluded. There are

weak and transient interactions with other molecules, which can be distinguished well on the broad

chemical shift range of xenon. So, without chemical reaction, xenon can report on interactions with

various, even very similar, molecules.

However, as mentioned previously, xenon has a sensitivity issue: As the atom is quite rare, the net

magnetization is very small. In a thermally polarized xenon nucleus, the spin population difference

is so small that about nine in a million spins [74] contribute to the net magnetization. Additionally,

the energy difference is much lower than in 1H nuclei. That and the generally low abundance
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of xenon make NMR detection of thermally polarized xenon impossible under real conditions. To

make use of xenon’s excellent NMR properties under real conditions, hyperpolarization is necessary.

Xenon can be hyperpolarized using different techniques. The one used here is spin exchange

optical pumping (SEOP). The essentials of SEOP are neatly described for non-physicists as a

three-step process in ref. [74]. In the Methods and Materials chapter, this description is featured.

Hyperpolarized xenon is the result of this process. More specifically, up to 50 % of the xenon

can be hyperpolarized after SEOP. SEOP is only functional and efficient for a gas mix with a low

percentage of xenon. Usually 5% or 2% xenon are used, which is sufficient to generate signal.

As mentioned earlier, xenon reports on its chemical vicinity with high accuracy , interacting with

it via weak interactions, like van-der-Waals forces and Coulomb forces. These interactions cause

xenon to partition into lipophilic regions, like membranes, micelles, or macromolecular cavities.

But as xenon interacts unambiguously with all these regions, molecular specificity needs to be

generated otherwise.

In this study, a unique combination of physical contrast enhancement and chemical saturation

transfer is employed: HyperCEST, which is a combination of CEST with hyperpolarization. CEST

is the acronym for chemical exchange saturation transfer, a method originally developed with
1H nuclei. It is a way of indirect observation of specific or unaccessible groups of nuclei. This

technique originated from Amide Proton (MR) Imaging (API), which is an excellent example for

the explanation of CEST: The hydrogens on Amide groups are labile, meaning that they can detach

from the molecule, and be replaced by hydrogens from the bulk water around it. The hydrogens

are seen as two pools, the bulk water pool and the amide bound pool. Compared to the bulk

water, there are very few amide-bound hydrogens. These two pools can be separated by their

chemical shift, which directly translates into a saturation frequency, which can be irradiated onto

them as a radio wave, destroying their polarization (which they have, even in thermal equilibrium).

With absolutely no polarization they become "invisible" in MR, and do not longer contribute to

the overall MR signal. As the hydrogens exchange, every depolarized or saturated hydrogen is

eventually replaced by a new, still polarized one from the other pool. Saturating the nuclei from

the smaller pool of interest again and again will eventually diminish the signal from the larger bulk

pool. It becomes evident that the decline in bulk signal is strongest around a center frequency. By

sweeping through a set of frequencies, a spectrum is generated, which is known as the Z-Spectrum.

The bulk signal reduction over the frequency has a lineshape and magnitude in this spectrum, from

which further information can be deduced. The same can be done for xenon, only that xenon is

not bound, like the amide protons, but in a transient interaction with another molecule. Fig.1.8
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Figure 1.8: Principle of CEST detection with xenon, reprinted with permission from [37].

shows a Z spectrum and its components of xenon.

In xenon CEST, the bulk pool is the dissolved xenon in solution. The other pool can be anything

that transiently interacts with xenon. To generate specificity, xenon should interact with specific

molecules in a recognizable way. For that, a specific molecule that interacts with xenon and

provides a defined chemical vicinity, is necessary. This molecule is called a host molecule. Xenon

transiently resides there for a defined residence time, and is replaced by another xenon subsequently.

Whilst residing in the host, xenon can be depolarized by a saturation radio frequency pulse, and so

diminish the MR signal from the bulk xenon pool, just as during 1H CEST. Targeting molecules,

which specifically detect biologically relevant molecules, can then be coupled to the complex of

xenon and the host molecule, reporting on this specific chemical vicinity.

Using CEST, different pools of nuclei can be labeled selectively. This can be done with all MR-

active nuclei, also 129Xe. For 129Xe NMR, the unique combination of hyperpolarization and CEST,

called HyperCEST, is the most efficient way of maximally amplifying the signal from a minimal

number of 129Xe nuclei. This is illustrated in Fig.1.8, and explained in ref. [37]: S0 is the full signal

from xenon in solution. Highlighted in green is the signal from xenon in the host, which in a direct

spectrum, as is depicted along the horizontal axis, would probably go unnoticed. The saturation

(radio frequency) pulses are indicated as arrows, and the decrease in signal and its dependence on

the frequency is shown. As over time, xenon exchanges many times, an on-resonant saturation pulse
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(green arrow) accumulates depolarization and diminishes the xenon signal in solution significantly

to Ssat. The difference between S0 and Ssat is the maximally pronounced CEST effect.

CEST effect can be measured in % saturation, as:

S0−Ssat
S0

But that is only a momentary, frequency-specific term. In the Z spectrum, a CEST also has an

individual lineshape and broadness, which originate from the exchange rate and saturation pulse

strength. The integrated area under the curve was used as a very rough measure of magnitude, in

order to reduce CEST to a number and compare. The maximally pronounced CEST (CESTmax)

at the center frequency can also be used for this. The less the lineshape is conserved, the less

accurate and reliable the CESTmax becomes as a measure of magnitude.

1.1.7 Cryptophane

The first and most studied xenon host is a molecule called cryptophane. Its original purpose was

the encapsulation of small molecules.

The encapsulation of small molecules has always been a highly active research field with numerous

applications and a perpetual demand for new insights. The cryptophane core depicted in infobox

1.1.1 is established as the standard molecule for xenon exchange and encapsulation.

The first cryptophane molecules were reported in 1987 by J.Gabard and A.Collet [18]. By design,

cryptophanes consist of two concentrically stacked cyclotriveratylene (CTV, also often called cy-

clotribenzylene, CTB) units, which are linked to each other by alkyl linkers [14]. The cavity within

is perfectly suited to accomodate small, non-polar molecules in a reversible manner. By modifying

the linkers, the cavity can be varied in its accessibility, flexibility and size. Introducing functional

groups can vary the affinity for charged or uncharged guests, as well as the solubility in water.

16



CHAPTER 1. INTRODUCTION

Box 1.1.1 Cryptophane Nomenclature

The first and most studied xenon hosts are cryptophanes: They consist of two cyclotriveratylene

(CTV) caps, connected by three (usually dioxy-) alkyl linkers. Cryptophane A, depicted below,

is the first cryptophane, prepared by Collet et.al. [18]. It is the host of choice in this study.

The names of cryptophane A,B,C... etc. do not reflect chronological order or structural fea-

tures of the molecules. They were given in a rather arbitrary way. Therefore, a more consistent

nomenclature is necessary. The nml core nomenclature is the most widespread and com-

prehensive way to specify a cryptophane. The letters nml refer to the number of available
carbons at the linkers. The nature and number of the functional groups on the caps

can be named afterwards, so that cryptophane-A is [222 ](OMe)6.

Cryptophanes can also be classified based on their molecular symmetry. The orientation of the

caps and the functional groups on the linkers defines a cryptophane as syn or anti diastereomer.

The chiral anti isomer has better binding properties than the syn isomer.

The cryptophane A-monoacid shown here is therefore
anti-cryptophane[222 ](OMe)5COOH

The [222]cryptophanol is used for the vast majority of xenon biosensing applications. Functional-

ization at the only carboxyl group is possible "without encountering symmetry problems" [9]. The

Cryptophane core however with its 5 remaining methoxy groups on the aromatic ring structures is

hardly water soluble. This also causes the tendency to partition into hydrophobic environments,

such as cell membranes, intracellular membranes, liposomes, micelles, etc., and to self-aggregate at

high concentrations.

Theoretically, each cryptophane can exist in 4 different conformers in parallel, according to the
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conformers of it’s CTB caps: crown-crown(CC), crown-saddle(CS), crown-inverted corwn(CCi)

and inverted corwn-crown(CiCi) [9]. The length of the linkers however determines the possible

conformers. Cryptophanes with short linkers tend to be more rigid, whereas longer linkers give a

cryptophane more conformational flexibility [9].

Box 1.1.2 Cryptophane Conformation

Cryptophanes can assume different conformers. This is mostly based on the conformation of

the CTV caps, which can assume 3 conformational states: the crown (C), inverted crown (Ci)

and the saddle (S) conformation.

A conversion from C to S is reached by exposure to heat. This applies to CTV, as well as

cryptophane, which concequently assumes a CS, aka. "imploded" conformation.

Here, the possible conformations of cryptophane are shown schematically:

Cryptophanes have been constantly modified and improved since their invention. Nowadays, the

encapsulation of a large variety of guests is possible with cryptophanes. Xenon encapsulation is

particularly favorable and has a wide range of applications in NMR spectroscopy and imaging, with

and without spin polarized 129Xe nuclei.
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The first hint for interactions of xenon with cryptophanes was the xenon - cyclodextrin interactions,

first reported by Bartik and colleagues in 1995. The authors report a measurable interaction, merely

entertained by van-der-Waals forces using H-NMR and Xe-NMR, in water and an organic solvent [8].

A later study of bartik and colleagues demonstrates reversible xenon-cryptophane binding as the

most stable host-guest interaction with cryptophane. This study also explained reasons for this

stability:

1. The spherical, monoatomic xenon and the cryptophane cavity match in size, so that the

complex is neither too tight nor too lose, which makes it enthalpically stable.

2. This is due to an induced fit conformation, meaning that the cryptophane adjusts to fit the

guest’s volume and shape upon encapsulation, guided by an enthalpically favourable state it

reaches thereafter [40] [83].

3. There is no or little entropy loss, because there is no rotational or vibrational entropy loss,

as xenon is monoatomic and spherical, and cryptophane’s conformational freedom is reduced

when xenon resides in the cavity [7].

These properties paved the way for developing robust molecular biosensing applications, which

rendered the pair cryptophane-xenon especially interesting for medical imaging.

A host entering cryptophane is most likely "squeezed" through the flexible gates. Entry and exit of

guest molecules are regulated by a gatekeeping mechanism. Passage is only successful if the guest

molecule matches the cavity in size (vdW Volume), shape (globular is best), and polarizability. The

single xenon atom, to which all of the above apply, is "squeezed" through the flexible gates, after

which the cavity accommodates around it. This accommodation is described in [83] as "induced fit".

Because the reversible binding is rather constrictive, the exchange is comparatively slow.

1.2 Responsivity and Cryptophane Silencing

Cryptophanes were known to exchange xenon unambiguously, and so, cryptophanes were thought

to be unconditionally detectable by xenon NMR. So far, any specific target detection with a cryp-

tophane conjugate has been realized by xenon chemical shift change.

In its most simple mode, a biosensor is bound to the target, excess molecules are washed out, and

the detection indicates a presence of target molecules. The detection unit can however be linked

to a reporting mechanism, such as metabolization, structural rearrangement, mechanical torsion,
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cleavage or another kind of activation. This reporting mechanism can be reversible. When this is

the case, it is called a dynamic response, and the biosensor is dynamically responsive.

The peptide, which was originally meant to be only a binding site for CaM, turned out to be a

molecule that can block the reversible binding of xenon with cryptophane, so that the HyperCEST

effect cannot take place. Consequently, there is no sign of cryptophane in the Z-spectrum, which

is why I prefer to call this novel effect cryptophane CEST silencing. On top of this highly

interesting finding, cryptophane CEST silencing was found to be dynamically reversible in this

study. By enabling CaM-peptide binding, for example by an elevation of the calcium concentration,

cryptophane CEST silencing is remediated, and the HyperCEST effect is reactivated. This occurs

simultaneously and proportionally to the rise in calcium concentration.

In Fig.1.9, the molecular interactions of the biosensor are symbolically illustrated. This provides

an overview of the dynamically responsive biosensor of this study and its subsequent components.

The way from the biologically relevant molecule to the response can be roughly outlined in the

following steps:

1. A calcium wave or spike causes a rise of the intracellular calcium concentration.

2. CaM binds 4 calcium ions. This causes a kink in the central connecting helix domain, which

enables CaM to wrap around its binding partner.

3. CaM and the helical peptide of the biosensor (shown in Fig. 1.9 as a rod) undergo wrap-

around binding.

4. With CaM wrapped around it, the helical peptide is occupied and cannot engage in other

molecular interactions. The peptide can no longer interact with cryptophane.

5. Cryptophane is no longer silenced by the peptide and exchanges xenon.

6. A HyperCEST effect is reconstituted and can be measured.

In the following chapter, "State of the Art", several cryptophane biosensors are described, but

most of them are not dynamically responsive. The dynamic response of this biosensor is indeed a

novelty, especially considering the concentration regime in which it is effective. The phenomenon of

cryptophane CEST silencing is initially characterized in this study, hopefully encouraging further

research towards defining a chemical mechanism.
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Figure 1.9: The molecular interactions of this biosensor.

1.3 Key Questions

This thesis contributes to the description of the new chemical function of cryptophane molecules,

the dynamic calcium ion concentration dependent crytophane CEST silencing, monitored with a

novel biosensor for Xenon HyperCEST. The key questions of this thesis can be summarized as

follows:

1. Is tissue wide, highly sensitive, and fast responsive imaging of intracellular calcium possible

with MR?

2. Can one build a biosensor similar to GCamP for NMR, and what does it contribute in the

field?

3. What is behind cryptophane silencing, and is there a chemical mechanism behind it?

Nuclear magnetic resonance (NMR) is a great tool for research on intracellular calcium signalling

in the live and unpreturbed human brain. The beauty of NMR in medicine lies within the combi-

nation of practically limitless signal depth and the complete medical noninvasiveness. This renders

the entire human body (NMR-) transparent, whilst observations can be repeated as often as the

specimen or patient can hold still. But NMR has sensitivity limitations, which need to be over-

come in order to measure targets with low concentrations, like intracellular calcium. To overcome
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Figure 1.10: Whole live brain image of a juvenile zebrafish, excerpt reprinted with permis-
sion from Ahrenas et al. [2]. The image was generated with light sheet mi-
croscopy, and calcium was indicated using transgenic GCaMP5 fish. A time -
resolved calcium recording analogous to this image is publicly available was well
(https://www.youtube.com/watch?v=lppAwkek6DI).

these sensitivity limitations, contrast enhancement techniques are perpetually being improved and

invented. The technique used in this study, xenon HyperCEST, bears no exception. Once fully

understood, the newly discovered cryptophane silencing can be useful to further develop xenon

HyperCEST.

The research around NMR of hyperpolarized xenon has always pursued more sensitive and specific

targeting in NMR. The conventional 1H MRI is nowadays the basic platform of a diagnostic process,

on which methods of contrast enhancement and targeting stand.

Numerous fluorescence microscopy studies unraveled the pivotal role of intracellular calcium signal-

ing on the state and fate of a tissue in samples as large as a zebrafish brain. The most impressive

example, shown in Fig.1.10 shows brain activity purely by calcium fluctuations as a publicly avail-

able video clip, originally published in ref [2]. But the hard limits of light sheet microscopy restrict

whole-brain in vivo calcium imaging to the size and transparency of a juvenile zebrafish. Anything

larger or less transparent is only accessible with NMR.

The example for the novel MR biosensor are the GCaMP (which is an acronym for Green fluorescent

Protein-CaM-Peptide) proteins, a family of genetically encoded biosensors for intracellular calcium,

described in ref. [3]. The biosensors that were studied here have been designed after the example

of GCaMP proteins. However, it has shown that a complex and large molecule like GCaMP is not

necessary for the most intriguing feature of the biosensor: Cryptophane silencing. A simpler and

fully synthetic calcium sensitive molecular architecture is probably best for further research and

development.

Throughout this thesis, it will become evident that the endeavor to create an NMR biosensor
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for intracellular calcium is quite feasible. However, the development towards MRI of intracellular

calcium poses major challenges, most of all in temporal resolution. Additionally, although cellular

resolution is also feasible, imaging in volumes as large as the human brain is probably accompanied

by challenges with xenon distribution, biosensor distribution, and NMR-specific scale-up challenges,

to say the least.

This thesis comes to the conclusion that cryptophane silencing needs to be fully understood to be

applied and developed. This is essential for any application or further research along this path.

Initial findings provided here may help guide the research to be more efficient in the future.

1.4 Responsive MR Biosensors for Ca2+ Detection

1.4.1 Responsive Magnetic Resonance Contrast Agents for Calcium Detection

MR detection of dynamic changes in intracellular calcium concentration is a much pursued scientific

goal, which has been approached in many different ways.
13C compounds:

Without hyperpolarization, 13C compounds already serve as valid MR reporters for calcium. Us-

ing other nuclei than 1H reduces background effects significantly. Hyperpolarization additionally

amplifies the NMR signal. Figure 1.11 shows 13C – EGTA, a contrast agent for the detection of

divalent ions, specifically calcium. Its NMR signal shifts characteristically, depending on which

divalent ion is chelated. Figure 1.11 also shows the spectrum for calcium in red. With 13C – EGTA

hyperpolarized by DNP, as little as 40 μM calcium was detected in an aqueous sample [59]. A sample

in human serum posed no additional difficulties for this detection method [59]. The limited lifetime

of the hyperpolarized EGTA molecule in vivo however is a disadvantage of this calcium detection

method.
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Figure 1.11: An example for a 13C based responsive contrast agent, specific for divalent ions. Its
structural rearrangement upon M2+ chelation, that causes the contrast enhancement,
is shown here. The Ca2+ - bound sensor is inidcated in red, and below, in black,
is the 13C MR spectrum of the sensor with no metal bound. Figure reprinted with
permission from Mishra et al. [59].

Super-Paramagnetic Iron Oxide Nanoparticles - SPION:
Caclium specific detection with SPIONs is described by Atanasijevic et.al. [4] and Xu et.al. [93], im-

ages reproduced with permission. The two SPIONs are depicted schematically in Fig.1.12, along

with their MRI contrast performance. Nanoparticles with paramagnetic iron cores influence the

relaxivity of nearby protons, and thereby enhance MR contrast. Decorated with two compati-

ble moieties that connect in dependence of calcium, these SPIONs can form large aggregates and

thereby achieve contrast enhancement via T2 decrease. The nanoparticles decorated with calmo-

dulin and the calmodulin binding peptide M13, as shown in the top part of Fig. 1.12 and described

in [4], were able to report changes in the calcium concentration near 1 μM, using particle concen-

trations in the nanomolar range. EGTA decorated SPIONs, shown in the bottom part of Fig.

1.12, which chelate calcium and thereby aggregate, are described in [93]. In their study, the authors

report concentration changes in the range of 100 μM calcium as detectable. Both [4] and [93] show,

that SPIONs at super low concentrations can be used for calcium dependent imaging. SPIONs

are rather large, too large for a convenient administration into cells. Once in the cell, interactions

with intracellular proteins and endosomes pose further challenges to this sensor type. The calcium

dependent aggregation observed in [4] takes about 1 hour to reach equilibrium. It was not men-

tioned in [93], how long the aggregation of the EGTA SPIONs takes. According to both studies,
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EGTA - SPIONs

Calmodulin - M13- SPIONs

3C:1M
M13
CaM
PBS

TE 10 20 40 80

Figure 1.12: SPIONs decorated with Calmodulin/M13 ( [4],top) and EGTA ( [93], bottom). The
aggregation is shown schematically on the left side. The right side depicts the MRI
performance: In the top row of the top set, the contrast between calcium depletion
(EDTA) and saturation (Ca2+) becomes increasingly visible with increasing echo time
(TE). The middle row of the bottom set shows the same tendency. This figure is
adapted from Atanasijevic et.al. [4] and Xu et.al. [93] and the images were reused with
permission.

there are potentially a few types of calcium transients that could theoretically be observed in vivo

using SPIONs.
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Figure 1.13: An example for a calcium responsive contrast agent based on lanthanide complexes
is Gd3+DOPTA. Its structural rearrangement upon Ca2+ chelation, that causes the
contrast enhancement is shown here. Figure was adapted from Li et.al. [51], images
from the publication were used with permission.

Macrocyclic complexes with lanthanides, such as Gd3+DOPTA, shown in Fig.1.13, have been

developed for decades, and are thus quite advanced.

But the core principle of macrocyclic complexes with lanthanides still is the same as with the earliest

of these compounds. Contrast enhancement is based on the chelated paramagnetic lanthanide ion

and its accessibility to water (protons). This can be coupled to a targeting mechanism, which, in the

case of calcium, is chelation. Gadolinium DOPTA is an early macrocyclic lanthanide complex for

calcium detection that consists of two macrocyclic gadolinium chelators, connected by the calcium

chelating molecule BAPTA. Upon calcium chelation, BAPTA conformationally rearranges to bind

calcium, which is depicted schematically in Fig.1.13, and allows the chelated Gd3+ to bind water

directly, thereby accelerating the T1 of its protons, which ultimately leads to a calcium dependent

contrast enhancement. A dissociation constant of KD = 0.69 μM was determined by measuring the

relaxivity in dependence of the calcium concentration. The most pronounced change in relaxivity

was observed between 0.1 and 10 μM of free calcium ions [51]. To form contrast agents that have

superior diffusion properties in brain tissue, lanthanide chelating macrocycles were organized as

large dendrimers [29]. But there are also disadvantages: As other lanthanides, gadolinium is toxic.

Chelation reduces the toxicity, but there is still the possibility of gadolinium accumulation after

decomposition/decay of the contrast agent. Admittedly, reducing the necessary amount of contrast

agent lowers the risk of intoxication as well. However, generally, proton based contrast enhancement

requires a high proton density and accessibility and may suffer from immense background effects,

especially in vivo, depending on which type of tissue or organ is imaged.
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(a) 19F–BAPTA, the
earliest and most
simple 19F con-
trast agent.

(b) C7E2, an amphiphilic oligopeptide
(structure shown on top) exhibiting
an MR contrast modulating aggrega-
tion pattern (middle) influenced by
calcium. The calcium dependent MR
contrast is shown on the bottom. Im-
ages reused with permission.

(c) Ratiometric probe Ln3+L (structure
shown on top) that combines the use of
19F and chelated lanthanide ions, using
their synergy (shown in the middle) to
generate a more sensitive calcium de-
pendent MR contrast (shown on the
bottom). Images reused with permis-
sion from Gambino et al [28].

Figure 1.14: A few examples for 19F MR contrast agents that detect calcium.

19F compounds:
Very simple and highly complex 19F-conjugated compounds are available to match a broad range of

applications. A few examples of contrast agents with 19F are shown in Fig.1.14. There is technically

no background with 19F-conjugated compounds. However, comparatively high concentrations are

needed, when only relying on 19F resonances for imaging. 19F–BAPTA, as depicted in 1.14a,

reflects calcium chelation as a characteristic spectral shift. 19F–BAPTA has only achieved 10 –5

the sensitivity of standerd MRI methods (proton MRI), according to [4]. The most recent calcium

sensor with 19F is a combination of a perfluorinated tert-butylether, a calcium chelating linker and

a macrocyclic lanthanide chelator, in which the lanthanide can vary between Y3+ and Dy3+, as

described in [28]. Depending on which lanthanide is chelated, the sensor reacts differently to calcium

binding, allowing a ratiometric quantification of calcium. Moreover, each paramagnetic lanthanide

ion has its specific influence on the MR signal of 19F through paramagnetic relaxation enhancement

(PRE) and pseudocontact shifts (PCS). This ultimately causes the differential response to calcium

from the two equal compounds with different lanthanide ions in the macrocyclic chelation site.
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1.4.2 Host Molecules for Xenon

Molecular cavities for the encapsulation of xenon, transiently and permanently, have been discov-

ered, designed, and even found by coincidence. They can be chemically synthesized or genetically

expressed. They vary vastly in size, volume and xenon exchange capacity and velocity. Because of

their hydrophobic interior, which provides a space for xenon to inhabit preferably, these molecules

are known as xenon hosts. Xenon hosts that can be fused or functionalized are essential for the

design of a xenon-based biosensor. One important advantage of synthetic hosts is their small size,

which facilitates the infiltration of tissue and cells. A frequently used approach to guide this infiltra-

tion to a target is covalently linking a synthetic host to another molecule, which serves as transport

or targeting unit. Individual alterations can usually be made quite freely on these molecules, e.g.

to alter their physical and chemical properties. But there are also disadvantages: Biocompatibility

as well as toxicity can be an issue. Synthetic xenon hosts are rarely enantiopure, which is hard to

achieve and accompanied by a compromised yield. Covalent linking and functionalization to other

molecules can be challenging during synthesis and purification, too. So far reported synthetic hosts

are:

• Cryptophanes, the most studied synthetic xenon hosts, combine immense versatility with

reliable xenon exchange. A small and robust core molecule, but also large and complex

derivates have been developed, broadening the range of applications. The core molecule,

which contains the cavity, can be modified and functionalized to alter the chemical and

physical properties. Cryptophanes are described further in the infoboxes 1.1.1 and 1.1.2, in

1.4.5 in the introduction.

• Lipopeptides: Since xenon and cryptophane are rather lipophilic, lipid environments (e.g.

lipid droplets and membranes) absorb them very efficiently. Cryptophane embedded in a lipid

membrane combines a fast xenon exchange rate with a locally elevated xenon concentration

and a large chemical shift change (up to 10ppm). An example for such a biosensor is shown

in Fig.1.15 and explained as follows: Schnurr et.al. [73] have recently gained new insights on

the more efficient use of CrA-functionalized lipopeptides within self-assembling nanoparticles.

Small micelles have an improved xenon depolarization efficiency, compared to the previously

developed liposomes [72]. The high local cryptophane concentration, and the additional high

local xenon density, marks the strength of this contrast agent. Because of this and their

compact size, the improved micelles surpass the previously developed liposomes and micelles.

The auhors show the specific uptake of the micelles into cultured human brain microvascular
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Figure 1.15: Liposomal carriers [72] (left side) and small micelles [73] (right side) are schematically
illustrated for comparison. Note the cryptophane content per volume, which is given
in molcules per atolitre (cages/aL) at the bottom of each scheme. The figure was used
with permission from the 2020 publication by Schnurr et al. [73].

endothelial cells (HBMEC), which in vivo embody the blood brain barrier (BBB).

Cryptophane can partition completely into lipid environments, when the lipid fraction is over

0.1, so that the Xe@CrA concentration in the surrounding aqueous solution dwindles below

the detection level. Especially when approaching more tissue-like samples or cell suspen-

sions (which in terms of cryptophane and xenon behave similar to membrane models) with

cryptophane biosensors, this partitioning needs to be taken into account [56].

• Cucurbituriles (furtheron called CBs) are composed of several covalently bound subunit,

arranged in a torus - like ring structure. To date, there are CBs with 5-14 subunits [17,50].

Cucurbit[6]uril, a comparatively efficient in terms of xenon exchange, is shown schematically

in Fig. 1.16. It is water soluble and commercially available. It exchanges xenon much

faster than cryptophane, allowing faster build-up of the CEST effect. However, fast xenon

exchange comes with substantial line broadening. Moreover, cucurbit[6]uril-mediated xenon

exchange is significantly influenced by ions [87]. The CB core is less difficult to synthesize than

the cryptophane core, yet it is much harder to graft onto other molecules, making targeting

challenging [56]. CBs have also been described in detail in [43].

• Rotaxanes, schematically shown in Fig. 1.17 are an assembly of a cucurbituril core of

choice and a competetive guest, which can regulate or completely inhibit xenon exchange by

blocking the CB cavity. This competetive guest has a triazol diammonium centre, which fits
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Figure 1.16: Cucurbit[6]urile, schematic representation of xeonon exchange with the molecule cu-
curbit[6]uril, its xenon exchange and the corresponding Z spectrum. Figure reprinted
with permission from Kunth [43]

.

inside the cucurbituril ring, and two larger stopper moieties. The stoppers hinder the free

exchange of this guest with the solution. A cleavable linker enables a controlled release of

the guest, and thereby a controlled activation of xenon exchange. The competetive host of

the rotaxane is easy to graft onto a targeting unit. However, the role of the competetive

host is not exclusive to the synthetic molecule. Cadaverin and putrescin have been shown to

function as competetive hosts as well, creating a hardly predictable background problem in

a tissue-like situation. [25]

• Perfluorocarbon emulsions are essentially phospholipid-coated nandroplets filled with a

perfluorocarbon. It is known since 1999 that they capture hyperpolarized xenon [91]. Klippel

et. al. have shown that they exchange xenon at rates useful for HyperCEST, which resulted

in the published multichannel CEST MRI [41], featured in Fig. 1.18. PFOBs are compatible

with live cells and blood flow. Note that PFOB are nanoparticles, accompanied by a reduced

targeting specificity and other challenges typical for their size.

Genetically encoded xenon hosts are considerably larger than most synthetic hosts. They cannot

infiltrate cells as simply by passing through membranes, they are highly likely to cluster and

aggregate independently. They can be recognized and destroyed by an immune system, and are

often sensitive to mechanical forces. But expressed in specific cells, they can exist and be measured

under the protection of those cells. Their expression can easily be induced and regulated chemically.

Localization tags can be applied additionally, to guide the expression.

Published genetically encoded hosts are:
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Figure 1.17: Schematic illustration of CB-based rotaxanes. The CB is blocked by the triazole until
xenon exchange is "switched on" by the cleavage of the linker. Figure reprinted with
permission from Finbloom et al. [25].

Figure 1.18: MRI of cells labelled with cryptophane (green) and PFOB (red), which exhibits a
HyperCEST response sufficient for imaging and equivalent to cryptophane. Figure
reprinted with permission from Klippel [41].
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Figure 1.19: Excerpt of the structure of xenon in a pocket of the enzyme Beta - Lactamase 1, next
to a schematic of the resulting Z spectrum in comparison to buffer solution. Figure
reprinted with permission from Roose et al. [66].

• Cavities within a few proteins are able to reversibly bind xenon, as schematically outlined

in Fig. 1.19. Z spectra of TEM1-β-lactamase (Bla) and maltose binding protein (MBP)

show, that hyperCEST with proteins can report on structural rearrangements under native

conditions [66]. As the exchange is specific for certain cavities, the literature suggests that this

phenomenon could be generalized.

• Viral capsids self-assemble and infiltrate cells easily. Moreover, they provide a reliable

way of protein coating for relatively large and versatile compartments which can encapsulate

and exchange xenon. Meldrum et.al. published such a capsid labeled with cryptophane on

the interior and targeting units on the exterior [57] and observed a CEST response with only

0.7 nM of it.

• Bacterial gas vesicles that regulate the buoyancy of water-borne bacteria harbor and ex-

change relatively large amounts of xenon, which makes them excellent host molecules. They

are illustrated in Fig. 1.20 in a TEM micrograph, alongside with a xenon HyperCEST MR

image. Their xenon exchange capacity has not been reached elsewhere so far. Full signal

saturation in an image was achieved with as little as 100 pM [78], extending the detection limit

of xenon hyperCEST. As fast exchanging hosts, gas vesicles cause a substantial line broaden-

ing which must be taken into account. Their relatively large volume (4.1 − 16.5 ∗ 109A3 [37])

leads to a significant portion of the labelled cell being filled with gas, which influences the

cell viability. Also, the vesicles are quite sensitive to pressure changes.
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Figure 1.20: Bacterial gas vesicles, in a TEM micrograph (left) and in a xenon HyperCEST MR
image (right). Figure excerpt from Shapiro et. al. reprinted with permission [78].

1.4.3 Cryptophane - From a Host Molecule to a Xenon Biosensor

Cryptophanol, which can be grafted to many different moieties via its hydroxyl group(s), marks the

gateway towards cryptophane-complex biosensors. Darzac et.al. published the synthesis of crypto-

phanol as a building block for monofunctionalized cryptophanes in 2002 [20]. Pines and coworkers

synthesized the first cryptophane-biotin biosensor, depicted in 1.21, and showed detectable binding

to the target protein avidin in 2001 [80].

The sensitivity of this first cryptophane-complex biosensor was verified by chemical shift change,

which was translated into an image. This was followed by a series of diverse biosensors. Xenon

binding to a cryptophane sensor on avidin-coated beads was shown to be detectable in xenon MR

spectroscopy and imaging by Hilty et.al. in 2006 [33]. In 2006, Weil et.al. published a cryptophane

biosensor targeting the protein MMP-7(matrix metalloproteinase 7), which upon target binding, is

enzymatically cleaved. The so introduced chemical modification results in a chemical shift around

0.4ppm [88], which is depicted in Fig.1.22.

In 2007, Hill et.al. showed unprecedented binding affinity of cryptophane for xenon in human

blood plasma [32], using ITC and fluorescence quenching. Roy and coworkers published the first

detection of nucleosides via a DNA-conjugated cryptophane biosensor, shown in Fig.1.23, in direct

spectroscopy with laser polarized xenon. [69].

The structure of a cryptophane biosensor co-crystallized with the enzyme carbonic anhydrase II

(CAII) has been published in 2008 by Aaron et.al. [1]. Xenon within the cryptophane cavity was

co-crystallized as well and included in this structure, which is shown in Fig.1.24, on the left side. A

benzenesulfonamide tether with a terminal amide on the cryptophane, shown in the middle part of

Fig.1.24, interacts strongly with Zn2+ ions that reside in the active site of the enzyme. A specific
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Figure 1.21: The structure of cryptophane-biotin is shown on the left side, a schematic below. Its
chemical shift, depending on its surroundings, in a direct Xe NMR spectrum is shown
on the right. Figure adapted from Spence et al. [80] with permission.

III

Figure 1.22: A biosensor targeted to MMP7, and the chemical shift change in the direct Xe spectrum
resulting from its cleavage. Figure adapted from Wei et al. [88] with permission.

Figure 1.23: Cryptophane, covalently bound to a DNA probe, serves as a detector for complemen-
tary and non-complementary strands, as it has differentiated responses for each case.
Figure adapted from Roy et al. [69], reused with permission.
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hCA II with Cryptophane
and Xenon

Cryptophane and Xenon
with Zn chelating linker

Figure 1.24: Left: PDB structure (3CYU) of human CAII co-crystallized with xenon-bearing cryp-
tophane, Middle: xenon- bearing cryptophane with Zn2+ chelating tether, reprinted
from Di Costanzo et al. [22] with permission. Right: chemical shift change resulting
from CAI and II binding, reprinted from Chambers et al. [16] with permission.

Figure 1.25: Cryptophane tethered to a chelating moiety (left) was successfully used for Zn2+ sen-
sitive chemical shift imaging (middle and right). Figure adapted from Kotera et al. [42]

with permission.

signal in the HP-Xe NMR spectrum was detected [16]. The signal’s chemical shift is sensitive not

only to whether the biosensor is bound, but also to which isoform of CA (I or II) it is bound to,

as shown in the right part of Fig.1.24. At the time, this difference between bound and unbound

resonance was the largest so far reported (7.5ppm).

A zinc chelating moiety was attached to cryptophane by Kotera et.al. as shown in Fig.1.25. That

conferred a zinc-sensitive chemical shift change upon the cryptophane-xenon complex, which was

used for chemical shift imaging as described by the authors [42].

Parallel to these developments, the complexes of cryptophane and xenon were studied in detail.

Their structure, as well as encapsulation behaviour and xenon exchange dynamics are now a well

studied field. As early as 1999, the structure of the cryptophane-xenon complex has been inves-

tigated. Polarization transfer between xenon and cryptophane-bound protons allows intramolec-

ular distances to be determined, which elucidate the cryptophane conformations when xenon is
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bound [54]. Brotin and colleagues revealed that xenon travels through space in the solution, rather

than to be transferred by a collision of two host molecules [15]. The conformational versatility

of cryptophane has been investigated by Taratula et.al. in 2010, in a detailed crystallographic

study [83], revealing many aspects about the forces that drive the encapsulation of small, non-polar

guest molecules. The authors reported the first crystal structure of a cryptophane without a host.

They also conclude that, in terms of van der Waals forces, the CTV caps of cryptophane-A are

optimal for xenon encapsulation. In an induced fit, the caps adjust around the guest molecule,

reaching an energetically favorable state. However, a few barriers still remained:

1. The spectral line of xenon in the cryptophane cavity can be broadened due to motional

hindrace [33], which compromises the signal/noise ratio to some extent.

2. In typical experiments with biosensors, the biosensor’s concentration is very low, simply

because the target molecule is usually rare. This makes the fraction of encapsulated xenon

very small, and hard to detect in a direct xenon spectrum.

1.4.4 Xenon HyperCEST Sensors - A New Detection Scheme

The method of xenon hyperCEST took the detection of cryptophane-xenon complexes onto a new

level, and made molecular imaging with these biosensors possible. The key to this method is making

optimal use of the chemical exchange between xenon of interest (in the cryptophane cavity) and

xenon everywhere else (in solution), similar to proton CEST. In 2013, Palaniappan et.al. published a

cryptophane-labeled phage (shown in Fig.1.26) as a biosensor that is able to specifically track cancer

cells. They were able to measure contrast in 129Xe hyperCEST experiments, and confirmed binding

specificity with fluorescence measurements, using flow cytometry and confocal microscopy [60].

A modular antibody-conjugated CrA-biosensor is shown in this small figure excerpt from Rose et

al. [67], Fig.1.27. Cryptophane was conjugated to biotin, while the antibody was coupled to avidin.

The stable biotin-avidin binding binds up to 4 cryptophane molecules to one antibody. For control

measurements, one fluorescein-biotin and three cryptophane-biotin molecules were bound to each

antibody, as the scheme on the left side on Fig.1.27 shows. The incorporation of 20 nM cryptophane

sufficed for an adequate detection with 129Xe hyperCEST. The right side of Fig.1.27 shows a xenon

hyperCEST MRI with 150 nM CrA.

Khan et.al. [39] presented yet another crytophane biosensor, which was grafted to a solubilizing

peptide-PEG moiety, a Cy3 moiety for the detection by fluorescence microscopy, and a folate moi-

ety for specific targeting of folate receptor positive cells. This biosensor was shown to be internalized
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Figure 1.26: The fd-CryA phage (top left), labelled to cryptophane-A via transamination with an
oligopeptide linker (bottom left). The xenon Z-spectrum on the right side shows two
different cell lines that were treated with CrA-labeled phages. The Jurkat cell line
(T cells) and the breast cancer cell line MDA-MB-231 have different responses when
treated with the phages. The differences were quantified by the normalized Xe@water
signal at a specific saturatuon pulse frequency. Figure reused with permission from
Palaniappan et al. [60].

Figure 1.27: Left: Scheme of the biosensor: An antibody (Y-shaped immunoglobulin) is coupled to
avidin (blue cross), which can bind up to 4 biotin units (blue triangles). Each biotin
is coupled to one cryptophane (hexagon) or fluorescein (green). Here, 3 cryptophane
units and one fluorescein are bound, so that the sensor can be detected by fluorescence
imaging as well as by 129Xe hyperCEST. Right: 129Xe hyperCEST image with 150 nM
of the biosensor, applied to a two-compartment phantom with antigen-positive cells
in the inner compartment (RAW264.7) and cells without the compatible antigen in
the outer compartment (3T3). The CEST response almost exclusively in the inner
compartment, indicated in magenta, while the outer compartment in cyan indicated
only a very weak CEST response.
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by folate receptor positive cells. It was well detectable in direct hyperpolarized xenon spectroscopy

at a concentration of 60 μM. However, a chemical shift difference between bound and free biosensor

could not be confirmed. Therefore, the fraction of biosensor that was not internalized needs to be

washed out, and a control assay to confirm this is detrimental for this biosensor.

All the aforementioned CrA biosensors, especially the NMR biosensors, have the potential to be sen-

sitive and specific at once. However, in the initial steps of biosensor development, most experiments

were planned in a "proof-of-concept" manner, so that there is certainly room for optimization. The

true detection limits for many of these sensors may be lower than the reported concentrations. Tar-

geting units for MR biosensors tend to be comparatively large (e.g. phages or antibodies), or lack

specificity or sensitivity (e.g. SPIONs). So, either the introduction into living cells poses a challenge

due to size or charge of the molecule, or the measurement of the microscopic intracellular calcium

concentrations and changes is not feasible with the above mentioned sensors as they are. Further

development is needed to grasp the detection of intracellular calcium with magnetic resonance.

Peptides have a few very useful properties in that respect: they are small and can be synthesized

with ease, they can also be incorporated into larger genetically expressible constructs. there are

many peptides with the right properties to pass through cell membranes without hindrance (cell

penetrating peptides, CPP), and they can function as highly specific protein or enzyme binding

site. The first experiments with MR biosensors with peptides have lead to results that encourage

their further development. In other fields of biosensor development, e.g. fluorescence, peptides are

used successfully and frequently as targeting units.

1.4.5 Peptide-Modified Cryptophanes

Small peptides have the compelling properties of:

• a simple and straightforward synthesis

• modularity, due to freely replaceable amino acid elements

• numerous simple and straightforward options for labeling and functionalization

• the option of high targeting specificity as protein binding site or enzyme substrate

Therefore they are used in numerous biosensors [64,65,71,72,73,77]. Once linked, cryptophane-labelled

peptides combine two stable, well studied molecules for targeting (peptides) and readout (crypto-

phane) in small, versatile sensors. The peptides used for biosensing are either substrates, binding

epitopes, or reporters of structural rearrangement.
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DR1C-HA

Figure 1.28: Left: Schematic view of a peptide-based biosensor’s structure: C-HA (red frame)
stands for cryptophane with the peptide, connected by the linker. The peptide bound
to the target protein DR1 is shown in the blue frame. The right side of the figure
depicts the hyperCEST effect upon target binding, which is most pronounced at a 2:1
ratio of C-HA:DR1. Figure adapted from Schlundt et al. [71], with permission.

Schlundt et.al. [71] reported the detection of a model protein for MHC2-complex binding with a

cryptophane biosensor made of a small peptide chain and a terminally attached cryptophane. The

biosensor and its target protein are shown schematically in Fig.1.28 on the left. In the direct
129Xe spectrum, the effect of binding is a 1ppm chemical shift change. Successful hyperCEST

measurements were performed with bound and free sensor compound, as shown in Fig.1.28 on the

right side.

A small cyclic peptide, shown in Fig.1.29, was functionalized with cryptophane to successfully report

the its specific target binding to alpha-nu-3-integrin in direct spectroscopy with hyperpolarized

xenon [38].

Another modular approach was created by Witte et.al. [90], to target metabolically labelled surface

glycans on live cells. Cryptophane was tethered to a peptide, which served as a scaffold, and is shown

in Fig.1.30, featuring also the targeting moiety, as well as a fluorescent group for microscopical

detection.

Riggle et.al. presented two "smart" CrA-biosensors, consisting of crypophane A, terminally coupled

to short peptides [64,65]. One of the peptides, shown in Fig.1.31, presumably changes to an α-helical

conformation at pH 5.5, while at pH 7.5, it is unordered. This change is reflected in the HyperCEST-

effect.

The chemical vicinity (H+ concentration) changes the conformational state of these peptides (from

unordered to helical), and as a consequence, not only the chemical shift changes, but the xenon

exchange dynamic is modulated, as shown on the right side of Fig.1.31. At certain frequencies

there is a significant difference that could potentially be translated into MRI contrast. The other
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Figure 1.29: Left: Structure of the integrin - targeted cryptophane biosensor. A scheme for simpli-
fication is illustrated above the structure. Right: chemical shift change upon target
binding, detected with hyperpolarized xenon. Figure is adapted from Seward et. al [38],
elements from this publication have been reprinted with permission.

Figure 1.30: Cryptophane biosensor with peptide backbone for multiple functionalizations,
schematically shown on the left. The bicyclononyne group (magenta) enables covalent
binding to modified sugars, such as Ac4ManNAZ, via azide groups. Resulting xenon
hyperCEST MRI in a two-compartment phantom on the right. Note that only cells
pre-treated with Ac4ManNAZ were susceptible to biosensor binding. Figure excerpts
were reprinted with permission from Witte et. al [90].
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Figure 1.31: One of the "smart" xenon biosensors by Riggle et.al. [65]. The left side shows a schematic
of the presumed conformational rearrangement the peptide undergoes due to pH
change. The resulting pH dependent modulation of the hyperCEST effect is shown on
the right side. Figure excerpts were reprinted with permission from Riggle et al. [65].

Figure 1.32: CaM-binding peptide functionalized with cryptophane in direct 129Xe Spectroscopy.
Top: in the absence of CaM, Bottom: in the presence of CaM. Figure reprinted with
permission from Riggle et.al. [64].

one of Riggle’s peptides [64] is a CaM-binding motif which silences the Xe@CrA-signal in direct

spectroscopy when it’s not bound to CaM. This is shown in Fig.1.32.

Peptide-cryptophane biosensors are at best responsive biosensors that can report on specific molec-

ular events or very small changes in the chemical equilibrium (e.g. pH shift) in the cytoplasm.

Generating tangible MRI contrast from these microscopic changes is the great endeavor in devel-

oping these biosensors. The current state of these developments suggests, that this is not without

major challenges, but possible.
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2 Aim of This Study

The objective of the project is to develop and test a new xenon biosensor, that fortunately has

a novel function, cryptophane silencing. The Calcium-Calmodulin biosensor for Xe hyperCEST was

originally designed to produce characteristic chemical shift changes for the detection of the central

calcium signalling hub calmodulin. Ideally, that would make the different states of activation of

this hub in dependence of the local free calcium concentration visible in MRI in very minimalistic

samples. During the initial experiments, it became clear that the calmodulin - binding peptide,

covalently bound to cryptophane A, has another, far more surprising effect: cryptophane silencing.

There is no xenon exchange with the cryptophane cavity in aqueous samples. More notable even,

the calcium dependent assembly of calmodulin and the target peptide leads to a remediation of

cryptophane silencing.

This novel function is to be analyzed within the scope of this PhD project. A dynamic and re-
versible response is to be shown and quantified. Taking into account the limited accessibility

of the exact reaction conditions, it is also the objective of this study to access with alternative
chemical and physical measurements what is happening in hyperCEST, and to confirm
and expand our knowledge of reversible cryptophane silencing. The original design of the
biosensor is to be re-evaluated in the light of the newly gained knowledge. Furthermore, this

study is in pursuit of a mechanism causing cryptophane silencing. In a broad perspective,

this study is a first step to defining a chemical mechanism that modulates reversible
xenon binding in hemicarcerands.
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3 Results

3.1 CrA CEST Silencing and Calcium-Mediated Signal Reactivation

So far, CrA as a functional group was known to bind xenon reversibly and unambiguously. This

paradigm is beginning to shift. In this chapter, a new and unprecedented way of modulating

CrA-mediated xenon exchange is described.

In a sample of the CrA-labeled peptide RS20, dissolved in pure DMSO, the CrA-mediated xenon

exchange is the same as by CrA monoacid. Figure 3.1 shows the CEST-effect with its chemical shift

in the z spectrum at -177 ppm offset from xenon in DMSO (orange curve). In aqueous environments,

the CrA-labeled peptide shows no measurable xenon exchange (light blue and light orange). Upon

target recognition (peptide-CaM binding), the silenced xenon exchange and the resulting CEST

effect was reconstituted (blue curve). This means:

1. Without a target, xenon exchange was inhibited.

2. The inhibition is reversed by target recognition.

This reversible inhibition is the centerpiece of this study, and this chapter contains insights for

further understanding of this effect. Various facts about this CEST modulation, first indications

about what mechanism might be behind it, and onto which systems it can be transferred, are

collected here.

This phenomenon was further demonstrated with another calmodulin binding peptide, M13. As

depicted in Fig. 3.2, both peptides were completely CEST-silent in the absence of calmodulin and

responsive in its presence. The buffer provides enough free calcium in solution at all times, so

that calmodulin is always at full affinity. Calmodulin/peptide ratios are 2 and 4, respectively. This

amount of calmodulin triggered a CEST-effect of 40%. The same amount of unbound CrA monoacid

in aqueous environment exchanges xenon faster, which is manifested in a sharper CEST-effect with

80 - 100% signal saturation, as will be shown later.
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Figure 3.1: In DMSO, as shown here for CrA-RS20, the xenon exchange causes ca. 40% signal
saturation around -177 ppm. In the presence of calmodulin in aqueous solution (buffer),
there is a xenon exchange causing a similar level of signal saturation around -126 ppm.
The large chemichal shift difference between DMSO and aqueous solution is entirely
due to the solvents. This xenon exchange is not observed in aqueous solutions without
calmodulin.

(a) M13 CrA silencing (b) RS20 CrA silencing

Figure 3.2: Z-Spectra of both CrA-functionalized peptides M13 (A) and RS20 (B). The CEST (blue
curve) related to calcium mediated specific binding with calmodulin (CaM) is shown in
blue, while the control measurement with CaM in a calcium depleted environment is
shown in orange. M13 (A) has a CEST response centered around -128 ppm, while the
response of RS20 (B) presumably has two contributions centered around -126 and -131
ppm. The responses are strictly calcium-calmodulin dependent. Each contribution was
fit with an exponential lorentzian function. The fit is shown as a solid line with the
corresponding error band (3 σ).
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3.2 Quantification and Characterization of Cryptohane-CEST Silencing

and Reactivation

3.2.1 Calmodulin Titration

Two different binding assays of CaM-peptide binding with fluorescent CrA-peptides demonstrate

functioning CaM-peptide binding between the recombinant CaM expressed in this lab and the

Cryptophane-fluorescein-labeled peptides: Cryptophane CEST silencing due to CaM-peptide with

the peptide CrA-M13-FAM (Fig.3.3a), and a fluorescence polarization rise due to CaM-peptide

binding with the peptide CrA-RS20-W-FAM (Fig.3.3a). A control experiment was analyzed with

FP, to confirm that ApoCaM does not bind the peptide or lead to any measurable effect.

Titrating CaM with the CrA-peptide is highly impractical, because the measurable effects, fluo-

rescence and CEST effect, originate from the peptide. CrA-labelled peptides are all hardly soluble

in water, which is why their stock solutions are made in pure DMSO. An increase in their con-

centration is inseparably linked to a solvent change (addition of DMSO). Xenon solubility, CEST,

and fluorescence are influenced by DMSO. It is impossible to separate the effect of DMSO addition

from the effect caused by the CaM-peptide binding. Highly concentrated CaM stocks in aqueous

solutions do not have that effect.

This is why an unusual declaration had to be made: the CrA-peptide was treated as receptor,

and titrated with holo-CaM, which was treated as ligand, until vast excess and saturation. To be

independent of calcium, calcium was supplied in excess, so that all CaM is present as holoCaM,

with 4 bound calcium ions.

The CEST-effect increases with additional holo-CaM until saturation, which means that additional

holo-caM does not affect the CEST effect. In the absence of CaM, there is a small CEST effect,

which tells of an interaction with xenon of unclear origin, and lead to a series of further tests that

will be presented later in this chapter. As the holo-CaM concentration increases, so does the CEST

effect, until saturation is reached around a holo-CaM/peptide ratio of 4.

Xenon HyperCEST experiments were conducted in a much smaller CaM concentration range than

FP experiments, for technical reasons, which are:

• higher protein concentrations cause a notable solution signal dampening due to excessive

foaming, which cannot be controlled by antifoaming agents beyond a certain point.
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• the sample volume for CEST experiments was 50x the amount needed for an FP assay.

Considerably more concentrated CaM stock solution is necessary for CEST experiments in

the high-CaM plateau. Up-concentrating CaM comes with the risk of unwanted protein

aggregation and protein loss.

• Acquiring one Z spectrum takes a lot longer (30-45 min) than one datapoint with FP (less

than 1 sec.)

With a buffered free calcium supply of 39μM, CaM is present as holo-CaM exclusively, and a first-

order binding reaction between holo-CaM and the CrA-peptide-FAM, shortly named P, can be

assumed:

holo–CaM + P −−⇀↽−− holo–CaMP

The few data points from this preliminary experiment were not enough to fit with a model ap-

propriately. But the increase and saturation of the CaM-peptide based CEST-effect (Fig.3.3a) is

similar to what is happening with the FP.

In the FP experiment, more titration points were attainable (Fig.3.3b). Without the need to bubble

and the foaming issues, much higher CaM concentrations were measurable. Because of the detection

limit of 5’FAM fluorescence is below that of the CEST effect from CrA on a peptide in aqueous

solution, much lower concentrations could be measured, too. The FP measurement provides the big

picture of the binding between holo-CaM and the peptide. The control experiment under calcium

depletion was done with FP, and shows that the concentration of Apo-CaM is without effect on

the FP, and consequently the molecular size. This is proof for no binding in the absence of free

calcium.

The green areas in Fig.3.3 show the range from no occupation of peptides (which are still treated

as receptors) at a holo-CaM:P ratio of 0.1, to more than full occupation at a holo-CaM:P ratio of

10. The FP Data and Xenon HyperCEST Data have the same trajectory towards saturation.

The FP data was fit to a Hill model with an offset (Fig.3.3b, grey line). The model describes a

Dose-Response relationship, where the dose corresponds to the holo-CaM concentration, and the

response to the measurable effect it has on the FP.

The calmodulin titration shows that the binding between holo-CaM and the peptides CrA-RS20-W-

FAM and CrA-M13-FAM is not influenced by the CrA or the fluorescein at the peptides’ extremities.

Apo-CaM does not bind to CrA-RS20-W-FAM, and is unlikely to bind to any RS20-derived peptide
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(b) Measured effect: Fluorescence Polarization (FP)

Fit function: FP = FP0 + (F Pmax−F P0)[holo−CaM ]n
EC50n+[holo−CaM ]n

Function and fit parameters:

Parameter Symbol Value Std. Error
Offset FP0 [mP] 31.36 1.26
Upper plateau FPmax [mP] 98.405 3.63
Dose needed for half maximal response EC50 [μM holo-CaM] 0.04 0.01
Hill coefficient n 1.824 0.422
Corrected R2 R2 0.99 -
χ2 - 0.61 -

Figure 3.3: Titrations of peptides CrA-M13-FAM (a) and CrA-RS20-W-FAM (b) with holo-CaM
were prepared and measured in steady-state. FP was measured to complement Hyper-
CEST NMR spectroscopy and extend the titration range, in order to capture a binding
curve that can describe the entire kinetic.
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under these experimental conditions. The binding can be tracked by FP and Xenon HyperCEST.

FP measurements can complement Xenon HyperCEST measurements.

3.2.2 Calcium Titration

The different titration experiments (a), (b), (c) and (d) shown in Figure 3.4 share the gradually in-

creasing CEST upon increase as the Ca2+ concentration increases, showing the Ca2+ dependence of

the CEST response in every case. The CaM/peptide ratio varies slightly between the experiments.

Note, that the peptide influences calcium-CaM-peptide binding substantially, inducing and under-

going conformational change and cooperating with the calcium binding sites of CaM. The Z-spectra

were fit with an exponential lorentzian function in order to extract a few meaningful characteristics,

in order to compare. The shape of the CEST responses varies between the experiments, as can be

seen in the exponential lorentzian fit functions. Occasionally, a second contribution can be assumed

from the fit, indicated by a second local minimum. This is most pronounced in titration (c)3.4c.

The development of the CEST response in the different calcium titrations appears to have similar

dynamics across the experiments. To quantify this, a common measure of a CEST response is

necessary. The global minimum of the lorentzian fit function, which marks the maximal signal

saturation, did not suffice, as there are CEST responses with additional, calcium-responding con-

tributions, which needed to be included. A measure that includes all newly reactivated reversible

cryptophane-xenon binding in one value was necessary. This is why the exponential lorentzian func-

tion of each CEST response in each Z-spectrum was integrated, and the area under the curve was

calculated. As it reflects an array of normalized xenon signals, a unit for the area under the curve

(AUC) is arbitrary. The development of the CEST response was observed in a more quantitative

way, using the AUC, in Fig.3.5.

The individual titrations indeed have similar dynamics. The only model that would fit the data

appropriately is the offset Hill model. Titration (c) was not fit, because the data suggest linear

dependence, while the dynamic is not linear. Titration (c) probably lacks data at the extreme

ends, which would display the upper and lower plateau and make a sigmoidal fit possible. All

other titrations were fit using the simple and widespread offset Hill model, whilst keeping in mind

that this is not to determine specific kinetics with it. The offset Hill model was used to roughly

quantify the relationship between CaM saturation (and implicitly, Ca2+ concentration) and CEST

response like a pharmacological dose-response relationship. The fit statistics (χ2 and R2) indicate

an excellent fit for (a), a mediocre fit for (b), and a sufficient fit for (d). The fit function reveals

another characteristic: The sensitive range, which is the dynamic, quasi-linear part of the sigmoidal
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Ca2+/CaM

(a) peptide RS20, B1 = 2.58 μT, tsat = 25 s

Ca2+/CaM

(b) peptide RS20, B1 = 3.53 μT, tsat = 25 s

Ca2+/CaM

(c) peptide RS20, B1 = 4.07 μT, tsat = 25 s

Ca2+/CaM

(d) peptide M13, B1 = 3.52 μT, tsat = 25 s

Figure 3.4: Calcium titrations of different CaM + peptide mixes. Z-spectra show the corresponding
CEST responses, which increase with the calcium concentration, which is shown in
the legend in terms of calcium/CaM ratio. The CEST responses were generated with
different saturation pulses. Saturation pulse (B1) and pulse duration (tsat) are denoted
below each titration. (a), (b)and (c) are responses from peptide CrA-RS20-FAM. (d)
is a response from peptide CrA-M13-FAM.
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(a) Calcium titrations from 3.4, shown comparatively by the development of the CEST
effect. The CEST effect is reduced to the area under the fit curve (AUC). The AUC
is shown as a function of Ca2+/CaM, which is an expression of CaM saturation,
and shall be summarized as ratio r. The individual titrations have been fit with an
offset Hill model, and the fit functions are shown as solid lines in the same color
as the corresponding data. Titration (c) was impossible to fit, beause there was no
data outside the linear range.

Fit Function: AUC = AUC0 + (AUCmax−AUC0)rn

EC50n+rn ; r = Ca2+

CaM

Function and fit parameters:

Parameter Symbol (a) (b) (d)
Offset AUC0 0.21 ± 0 0.31 ± 0.86 -0.21 ± 1.49
Upper plateau AUCmax 3.06 ± 0 3.60 ± 0.31 3.18 ± 0.20
Half maximal CaM saturation EC50 0.30 ± 0 0.52 ± 0.18 0.48 ± 0.27
Hill coefficient n 2.33 ± 0 2.21 ± 1.60 1.74 ± 0.93
R2 R2 1.0000 0.9683 0.97286
χ2 χ2 0.0000 0.14877 0.05728

Figure 3.5: Multiple calcium titrations and individual fits with the offset Hill model. Fit functions
and parameters describe the fit ans its adequacy.
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transition from zero to saturation. It can be approximated with the EC50, which marks the center

of the sensitive range. EC50 equals the ratio r, and consequently the calcium concentration, at

which 50% of the maximal response is reached. For titration (a), EC50 = 0.3. So, to generate a

dynamic CEST response with 2 μM of the peptide CrA-RS20-FAM and 2 μM CaM, around 0.6 μM

free calcium are required. The sensitive range for CrA-M13-FAM is around 0.6 μM free calcium.

The titrations (b) and (c) show that, when more CaM (b) or more CaM and more peptide (c) is

present, more calcium is required to reach the sensitive range. The difference between titrations

(a) and (b) is more substantial than between (b) and (c).

3.2.3 Reversibility and Range

The interaction of CaM and its peptide binding partners is a dynamic equilibrium of perpetual

binding and dissociation, mostly leading to conformational changes, which temporarily modulate

the activity of the target protein. The regulatory nature of these bindings demands reversibility,

in order to flexibly respond quickly to new signals. Fortunately, the CEST effect is reversible as

well. This is shown in two ways: During the titration with free Ca2+, every sample was partly

substituted in order to shift the buffer equilibrium, resulting in changes in free Ca2+ in solution,

while everything else was kept constant. This can be done in both directions (Ca2+ increase and

decrease), and affects the CaM-peptide binding accordingly. As this can be observed in the resulting

CEST effect, the latter must be reversible. The CEST increases and decreases flexibly with the

Ca2+ concentration, as is documented in Fig.3.6.

During the titration the sample is partly substituted, so that, strictly speaking, no internal calcium

release in the exact same sample was triggered. Moreover, there is no information about the

influence of an unspecific background. To account for these gaps, a cytosolic protein cocktail from

HEK293 cells was used as background, and CrA-CEST silencing and its remediation with a CEST

response (Fig.3.7a and 3.7b), as well as the reversibility and calcium dependence of the response

(Fig.3.7c) were demonstrated in this cytosolic protein cocktail. The sample was supplemented with

a volumetrically irrelevant (under 1%) amount of highly concentrated CaCl2 solution, followed by

an even more concentrated EGTA solution of equally small volume. The CEST increase after CaM

addition was clearly visible against the background. Upon calcium chelation by EGTA, shown in

Fig.3.7c) the effect went back exactly to the background level, suggesting that roughly the same

amount of peptide is released from CaM and the attached, temporarily active CrA is silenced again,

because calcium is missing. This shows that the CrA CEST silencing of the peptides CrA-RS20-

FAM and CrA-M13-FAM is not only specific, but somewhat background resistant, and dynamically
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Figure 3.6: This is a small part of a Ca2+ titration. Here, after having been decreased (blue to
light blue), the free Ca2+ concentration was increased. Promptly and consequently, the
CEST increased as well (light blue to orange).
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reversible.

3.2.4 Saturation Conditions

For the CEST response to be analyzed optimally, the saturation pulse needs to match the xenon

exchange, which depends on the xenon host, the temperature and the solvent in the sample.

The strength and duration of the saturation pulse provide a frame for this: The sat pulse strength

is tuned to the concentration of Xenon@host, to effectively depolarize all Xenon within host cavities

within the saturation pulse duration time. Figure 3.8a shows, that equally long saturation pulses

(25s) with a pulse strength B1 of 0.204 μT, 0.409 μT and 1.155 μT generate CEST responses with

ascending intensity. Stronger saturation pulses increase, but also broaden the CEST response.

When the full saturation potential is reached, and all Xe@CrA is depolarized within a saturation

pulse, further intensifying the pulse will only broaden the CESR response. This effect is pronounced

in Fig.3.8b. This broadening still increases the AUC, but reduces the resolution of the individual

contributions (peaks). A relatively weak pulse over a long period of time, such as 1.291 μT over

35 s (Fig. 3.8b), will yield a better resolved CEST response, in which individual contributions

are better recognized. A stronger pulse of 4.621 μT over a shorter period of time, 25 s, will yield

a broader CEST response of the same intensity, which has the larger AUC. Depending on which

question shall be answered, the saturation pulse can and should be adjusted to fit the experimental

objective. A compromise between resolution and acquisition time needs to be made when acquiring

this CEST response in a Z-spectrum. To acquire a reliable Z-spectrum, at least 20 acquisitions are

needed, including the baseline and solution signal. With a 25s saturation pulse, this takes 15-20

min at least. Using a 35s saturation pulse instead would extend this by 1:40 mins. But the longer

the saturation pulse is applied, the more time there is for T1 relaxation. T1 relaxation reduces the

Xenon@solution signal, which also reduces the signal saturation. Figure 3.8c and 3.8d illustrate

this: in 3.8c, the raw xenon signal is depicted, whilst in 3.8d, the normalized xenon signal (which

will appear in the Z-spectrum) is depicted. The saturation at -132 ppm is compared to the off-

resonant baseline level at -200 ppm in 3.8c and 3.8d. A saturation pulse of 25s still significantly

increases signal saturation, compared to 20s of saturation. But at this point, 20% of the solution

signal is compromised. Considering that later on, images should be possible with the same settings,

more protein might dampen the solution signal even further, and also in the interest of time, 25s

saturation pulses were applied for all Z-spectra.
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(a) Peptide RS20-CrA (b) Peptide M13-CrA
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(c) Peptide M13-CrA

Figure 3.7: (a) and (b): The CrA- and fluorescein labeled peptides RS20 (a) and M13 (b) show
unspecific interactions with components of a cytosolic protein cocktail, which manifest
as a weak and broad CEST response, shown in blue. Calcium (CaCl2) addition does
not change that significantly (orange). The addition of CaM generates a sharper and
more intense CEST response (green). (c): Upon EGTA addition, CaM-peptide binding
is suppressed. This reduces the CEST response to background level (grey).
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Figure 3.8: A: To reach maximum saturation, the pulse needs to be sufficiently strong. The pulse
strength was scaled up until 40% saturation was reached, which is just over 1.155 μT.
B: A further increase in pulse strength broadens the CEST, whilst maintaining the
intensity. An increase in pulse duration mainly improves the resolution, and may also
intensify the CEST to a certain extent. Longer pulses diminish the raw Xenon signal.
This is shown in C and D, where raw Xenon data (C) is compared to normalized
data(D).
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3.2.5 Generation of MR Image Contrast

The MR images the were generated based on the xenon signal difference at the Xe@CrA frequency

are shon in Fig.3.9. The on-resonant frequency for each image was derived from a previously

acquired Z-spectrum. A frequency is on-resonant, if all xenon within a host cavity (e.g. Xe@CrA,

or Xe@CrA-peptide) is depolarized while the saturation pulse at this specific frequency is irradiated

on the sample. Off-resonant means that the polarization of the xenon in question is unaffected by

a pulse at this frequency.

Images at an off-resonant and one on-resonant frequencies were acquired several times, averaged

and compared. Usually, the off-resonant image is subtracted from the corresponding on-resonant

one to derive the contrast. However, the more blurred and noisy images are, the more contrast is

compromised, which is also the case here. So, in order to distinguish better, the images were left

unprocessed and simply compared. A 2-compartment phantom was used for imaging two samples

in one image. As a positive control, water samples with and without CrA-monoacid were compared.

Figure 3.9A and B show how the inner compartment has full xenon signal in the off- resonant image,

but much less in the on- resonant image, while the signal in the outer compartment remains on

the same level. Images 3.9C and D depict a calcium-saturated sample in the inner compartment,

and a calcium-depleted sample in the outer compartment. Both samples are otherwise of equal

composition (4 μM sensor peptide RS20-W, 10 μM CaM). There is a signal reduction in the inner

compartment, but also in the outer compartment. This could be due to the low image quality. The

images 3.9A-D are noisy (the local intensity variation is quite large), as well as blurred (the central

vertical part of the image appears brighter than the periphery). To improve the image quality in

that respect, more averages were acquired, and concentrations were increased. For images 3.9E

and F, the number of averages was raised from 4 to 25. To make sure the signal is clearer, the

CrA-peptide concentration was raised as well, from 4 to 10 μM. To further ensure CaM excess, the

CaM concentration was increased to 15 μM. Images 3.9E and F are much clearer and the contrast

in the inner compartment is easier to grasp. The image contrast is not as strong as the contrast in

the positive control (3.9A and B), but it is detectable.

3.3 Cause of Cryptophane-CEST Silencing

3.3.1 Hypothesis of Possible Explanation

The now characterized effect opens two possible paths of research:
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Figure 3.9: 129Xe NMR Images: Top images were acquired with an off-resonant saturation pulse,
bottom images were saturated on-resonant with Xe@host, such that upon xenon ex-
change, depolarization took place. A and B are a positive control. Inner compartment:
Water with 0.8% DMSO and 4 μM CrA-monoacid, outer compartment: Water with
0.8% DMSO. C and D are an experiment with few (4) averages. Inner compartment:
Ca2+ saturated (39 μM free Ca2+) with 4 μM CrA-RS20-W-FAM and 10 μM CaM, outer
compartment: zero free calcium (Ca2+-depleted buffer) with 4 μM CrA-RS20-W-FAM
and 10 μM CaM. Images E and F were generated with 25 averages. Samples for E and F
were made with the same buffers and Ca2+ concentrations as C and D, but with 10 μM
CrA-RS20-W-FAM and 15 μM CaM.
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1. the most direct way to applications in cellulo, and the assessment of the sensor’s performance

in live cells

2. elucidation of the mechanism behind CrA silencing

The latter has been chosen as scope for this study, because understanding the mechanism is crucial

for applying it, and might lead to significant improvements and more certainty about what to

expect from potential applications. A clearly defined mechanism can be generalized and expanded

to more applications.

Under the hypothesis of exclusive causality between CrA-CEST silencing and the biosensor, the

influence of other sample components on the sensor’s functionality around the CrA-CEST silencing

was ruled out by a series of experiments.

To strengthen this hypothesis, I have tried to falsify it using all other sample components – without

success. The samples made to characterize and quantify clacium calmodulin CrA-CEST silencing

and reactivation do not contain components that influence it.

3.3.2 Ruling Out Influences of Other Sample Components

DMSO

Cryptophane-monoacid and peptides labeled with it do not dissolve well in water, therefore high

concentration stock solutions are made in pure DMSO. Precipitation or aggregation upon subse-

quent dissolution in aqueous samples did not occur. The organic solvent DMSO can reactivate

CEST silenced crytophanes, as shown initially in Fig.3.1 and in many control experiments. Every

sample contains a small amount of DMSO, proportional to the CrA concentration: 0.8 vol.-%, unless

otherwise stated. The DMSO content was always under 2 vol.-%. At these low concentrations, an

effect on the reversible CEST silencing has not been observed. However, because DMSO influences

the xenon dissolution, reversible cryptophane-xenon binding, fluorescence and optical anisotropy,

the DMSO content should be the same across all samples that are compared.

Ions

Possible influences of ionic strength on the CrA-CEST silencing and reactivation were tested,

and the result is shown in Fig.3.10. The CrA-CEST silencing of peptide CrA-M13-FAM remains

unaffected by the 5-fold increase in the buffer concentration (and thereby ionic strength), shown

in Fig.3.10 A by the blue and orange (5-fold buffer concentration) datapoints. A 3-fold dilution of
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Figure 3.10: A: The peptide CrA-M13 is CEST-silent without Ca2+-loaded CaM, regardless of the
buffer strength (orange and blue datapoints). There is a CEST effect when Ca2+ loaded
CaM is present (red and green curves), at either buffer strength, but the response is
slightly intensified after the buffer is diluted. B: A commercially available Ca2+ buffer
system was used for (B). The response of peptide RS20 did not change significantly
after adding 2 mM CaCl2 to the sample. The salt addition increased the ionic strength
further.

the pH-buffer does not silence a CEST effect, reactivated by CaM-peptide binding. This is shown

in Fig.3.10 A by the green and red curve, where the CEST effect that is pronounced in both cases.

However, the CEST effect is slightly increased by the dilution of the pH-buffer, and the reason for

this could be more than the standard deviation. This could be caused by variations in foaming, or

a small increase in CrA-peptide concentration due to pipetting uncertainty for very small volumes

(3-6μl), which was unavoidable when the buffer was diluted with CrA-peptide containing water.

Either or both of the latter are more likely to be responsible for the increase of the CEST effect

after buffer dilution than the decrease in ionic strength from the dilution.

Figure3.10 B illustrates, how the addition of 2 mM CaCl2 does not influence the reactivated CEST

effect. So, even larger variations in ionic strength do not affect the CEST response. Once the CaM

is saturated with calcium, further calcium does not affect its stability.

Antifoam Agents and Micelles

Because protein samples foam strongly during bubbling with xenon gas mix, the antifoam agent is

an absolutely necessary part of the sample. CaM does not influence the reversible xenon binding

of CrA-monoacid. In Fig3.11, the Z-spectrum depicting CrA-monoacid in buffer with 4 μM CaM

and 0.3 vol.-% antifoam (red) can be superimposed exactly on the Z-spectrum of an equal sample
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Figure 3.11: A:The CEST effect of 4 μM CrA-MA (blue) is compared to 4 μM CrA-MA with 0.3 vol.-
% Pluronic (orange) and 4 μM CrA-MA with 0.3 vol.-% Pluronic and 4 μM Apo(Ca2+

depleted)-CaM. A small intensification and shift of the CEST separates the Pluronic-
containing samples from samples without Pluronic. Lastly, the possibility of Apo-CaM
and Pluronic forming any xenon exchanging aggregates is excluded, as there is no
CEST (green datapoints) when the two are in solution. B: The foam reducer antifoam
A interacts strongly with CrA (orange curve), as it broadens and intensifies the CEST
effect, compared to just CrA-monoacid (blue). Antifoam A and Apo-CaM do not form
any xenon exchanging aggregates (green). These interactions were measured in 30 mM
MOPS Buffer with 100 mM KCl and 10 mM K2EGTA at pH 7,2.

without CaM (orange). The green datapoints in Fig3.11 A show that CaM does not form xenon-

exchanging aggregates with the antifoam of choice in this study, Pluronic L-81.

Usually, 0.1 vol.-% Pluronic are applied in our NMR samples. For the CaM titration with its

high CaM concentration of 10 μM, and for the experiments with cytosolic protein cocktail, it was

necessary to use 0.3 vol.-% Pluronic. Its high viscosity needs to be considered when pipetting small

amounts of it, and when mixing the sample, and both needs to be done thoroughly and with the

utmost consistency, to keep the experimental conditions constant. Being a surfactant, Pluronic

forms aggregates. This is mainly why an eye needs to be kept on potential influences on the xenon

exchange. Figure3.11 A illustrates that Pluronic slightly intensifies and shifts the CEST signal of

CrA-monoacid in buffered aqueous solution: CrA-monoacid without Pluronic (blue) has a different

and slightly less intense CEST signal than CrA-monoacid with 0.3 vol.-% Pluronic (orange). Just

by the intensity, it is hard to say if the difference is significant, but there is also a small but notable

CEST shift. The combination of the two speaks for a small influence of the Pluronic. However, if

held this small and constant, this influence is not disturbing the reversible CrA silencing.

The dispersion behaviour of Pluronic is inconsistent, at times flakes may form, which dissolve
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throughout the experiment. This is why sometimes it may take time and several rounds of bubbling

and measuring to reduce foaming with Pluronic. Another antifoam agent was tested, in order to

replace Pluronic: Antifoam A. The results of the experiments with antifoam A are shown in Fig.3.12.

Its clearly visible micelle formation (sample looks milky, white and turbid) makes it impossible to

use in the Calmodulin binding and CEST silencing experiments. But antifoam A can be used

for experimenting CrA-monoacid and CrA-peptidesin the presence of micelles. CrA-monoacid is

known to interact with micelles [73], which changes its xenon exchange pattern. The effect antifoam

A has on CrA-monoacid is illustrated in Fig.3.11 B. The interaction intensifies CrA-mediated xenon

exchange vastly (orange curve). The entire CEST signal comes from CrA-monoacid, because a

control sample containing antifoam A with CaM (green datapoints) does not show any CEST signal.

The enormous signal broadening that was observed when antifoam A was present, in comparison

to CrA-MA in buffer (blue curve) without antifoam A suggests a much faster xenon exchange.

Pluronic as a sample component can be ruled out as noteworthy influence the CrA-CEST silencing

and reactivation. But the results shown in Fig.3.12 show that antifoam agents must be applied

with utmost caution in CrA- CEST silencing and reactivation experimets, especially when there

are cell penetrating or membrane anchoring peptides involved. The immense effect of antifoam A

shown in Fig.3.12A illustrates how immensely the reversible CrA-xenon binding can be influenced

by micellar structures, which antifoam agents tend to form. Considering that 0,3 vol.-% of antifoam

A was plenty to reactivate CEST-silent CrA-peptides, and compared to CrA-CEST reactivation by

CaM binding, the CEST effect is quite extreme. This effect was further investigated, and shown

to be salt-dependent in intensity (Fig.3.12B) and chemical shift(Fig.3.12C). With increasing salt

(NaCl) concentration, the CEST effect intensified in both the minimum of the lorentzian fit curve

(green bars in Fig.3.12B) and the area under the curve (purple bars in Fig.3.12B). Like the CEST

response, the chemical shift shift Δδincreases with almost perfectly linear dependence on the ionic

strength, shown in Fig3.12 C.

Cytosolic Proteins

As shown before in Fig3.7, cytosolic proteins generate a weak and broad CEST response. However,

the calcium-CaM dependent CEST response remains unaffectedly detectable. Experiments in cells

disrupted by bubbling have not been successful. As soon as the cells were disrupted by bubbling,

signal could not be obtained, in spite of cooling and chemical protein protection. There were also

foaming issues that could not be solved with Pluronic L-81.
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Figure 3.12: A: 0.3 vol.-% of Antifoam A reactivate the silent CrA-peptide M13, and the CEST
response starts at 60% saturation. The CEST is intensified by increasing the NaCl
concentration. B: The increase of the CEST response is also reflected in the area
under the CEST (purple). That and the minimum of the fit function (green) show
the same tendency. Both appear to be reliable measures for the CEST magnitude. C:
Another effect of the salt concentration is a chemical shift change of 1ppm per 200mM
NaCl. Like the CEST increase, the chemical shift change linearly depends on the NaCl
concentration.
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3.3.3 Ruling Out Intermolecular and Intramolecular Interactions

Self – Aggregation

Aggregation is suspected to influence CrA’s xenon exchange more than anticipated and has been

studied with CrA-conjugates before [95]. Indeed, their poor water solubility allows the thought that

CrA and its derivates may often not be free and monomeric in solution, but clustered in aggregates.

These aggregates may well have an influence on the xenon exchange dynamics, so that exchange

modulations should be accompanied by the consideration of aggregation phenomena as possible

cause or influence. At concentrations like 100 μM, self-aggregation is not very surprising. A dynamic

light scattering (DLS) assay, shown in Fig.3.13, reveals that both CrA-M13 (3.13A) and CrA-RS20

(3.13B) aggregate at 100 μM. The aggregates are mostly between 100 and 1000 nm in diameter.

The working concentration at which the CrA CEST silencing was observed with HyperCEST NMR

spectroscopy in this lab (1-10 μM) is however nowehere near the detection range of DLS. A previous

study [64] observed a CaM-binding cryptophane-labeled peptide at 70 μM in direct HP-129Xe NMR

spectroscopy, which was silenced reversibly without side effects by aggregation phenomena. To

find out what is happening at the working concentration, we made use of the peptides with a

fluorescent moiety and measured its fluorscence polarization (FP). The FP functions as a reporter

signal for the tumbling rate and motility, and consequently, size of an aggregate or complex in

solution. An FP assay has certain prerequisites and limitations. For instance, the molecule size

needs to increase by at least 4-fold in molecular mass in order to be detected as an FP increase.

This means, dimerizations of CrA-peptides cannot be detected by FP. Previous unpublished studies

by Westmeyer et.al. have used other means to exclude dimerization as the cause for CrA silencing

or reactivation. Fortunately this means:

• Any aggregates from tetramers upward can be detected

• The binding of the roughly 4kDa CrA-peptides to CaM (16.7kDa) can be detected

Self-aggregation can be shown for a model compound, as depicted in Fig.3.14, by adding more

and more of a non fluorescent molecule to its fluorescent version. With the model compound in

Fig.3.14, a formation of aggregates is indicated by the increase in FP from one plateau to another,

correlating with an increase in molecule size. CrA-RS20 was tested for self-aggregation in the

same manner. The experiment was done under Ca2+-depleted and Ca2+-saturated conditions, to

check for the unlikely event of an influence by Ca2+. The similarity of the FP (Fig.3.14, red and

blue datapoints) curves does not speak for any such influence. Approaching 100x excess of the
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Figure 3.13: Intensity distribution of dynamic light scattering (DLS) of 100 μM of CrA-labeled pep-
tides without fluorescein in water. The average and standard deviation of triplicates
are shown. The formation of self-aggregates at a concentration of 100 μM is evident
here, but does not allow conclusions about any aggregation behaviour under 10 μM.
A: CrA-M13 appears to form self-aggregates of different sizes, distributed around 100
and 400 nM in diameter. B: CrA-RS20 forms self-aggregates, which are distributed
around 250 nM in diameter.

non fluorescent equivalent peptides, there might be a tendency of beginning FP increase in the

experiments with the CrA-peptides, see Fig.3.14 in the red and blue datapoint, but nothing like

the micelle formation in the model compound (black sigmoidal curve in Fig.3.14). Going beyond

100x excess would mean a concentration of 10-100 μM, where aggregates have been observed by

DLS. These concentrations are far beyond the NMR working concentration, and are accompanied

by a DMSO content of roughly 10%, which dampens the fluorescence to an extent that would make

FP measurements invalid. At the working concentration, which is between 1 and 10 μM, there is

no notable increase in molecule size, so that within this range, self-aggregation can be excluded.
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Figure 3.14: Fluorescence polarization (FP) of RS20f titrated with its non fluorescent equivalent
RS20 (red and blue), compared to the peptide P2fA2 (black), which is designed and
known to form micelles. P2fA2 was also titrated with its non fluorescent equivalent
P2A2. While P2fA2 shows an FP transition between 10 and 100x excess, RS20f
shows only slight FP increase at 50x excess, which is 5-fold the maximal working
concentration. The RS20 titration was done with and without free Ca2+, and in both
cases, there is a similar hint of beginning aggregation at 50x excess RS20, but no sign
of aggregation between 1 and 10μM.

Tryptophan

An interaction between aromatic and/or hydrophobic AA residues on the peptide and CrA has

been proposed as potential influence on CrA mediated xenon exchange [65].Later, the same authors

hypothesized a proximity of aromatic residues as cause for CrA silencing [64]. Because W is close

to the CrA functionalization on the peptide, the hypothesis seemed reasonable. Put to the test, it

turned out not to be the cause.

As shown in Fig. 3.14, the peptide with the W/L substitution responds just the way all other

switching peptides do: it is CEST - silent, unless bound by CaM, which is strictly calcium depen-

dent. A small influence on the chemical shift proposed by Riggle et.al. in 2015 [65] may still be

possible, however, there is no observable influence on the CrA CEST silencing.
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Figure 3.15: In this Z spectrum, the response of peptide RS20-W, with a tryptophan-leucine sub-
stitution, resembles the responses of all other switchable CrA-peptides: CrA is silent
in calcium depletion (orange) and responsive upon CaM binding, requiring calcium
saturation (blue).

Arginine

One thing all switching CrA-peptides have in common is the two arginines (RR) neighbouring the

CrA-carrying K residue in C-terminal direction. Arginine features a guanidine group, which is

highly positively charged. This enables it to engage in cation-pi interactions with aromatic side

chains of nearby amino acids. Cation-pi interactions are strong interactions which play a key role in

molecular recognition [58,61]. Aromatic AA residues (P, Y, W) provide the necessary delocalized (π)

electron systems, which interact with positively charged side chains (R, K). Cryptophane contains

plenty of armoatic ring sructures and consequently, πelectron systems. Therefore it might possibly

engage in cation-pi interactions with the nearby R residues, with possible impact on the CrA

accessibility. If cation-pi interactions are the cause for reversible CrA silencing, only the C-terminal

residues of our CrA-peptides should be sufficient to inhibit xenon exchange. The short peptide

GRRK-CrA, consisting only of the C-terminal AA residues and CrA, was tested in aqueous solution

DMSO.

Figure 3.16 shows, that the C terminal residues alone suffice for a silent CrA on the short peptide

in aqueous buffered solution (green datapoints) and pure water (strong orange datapoints). The

difference to a DMSO sample with an equal amount of GRRK-CrA (strong blue curve) and a water

sample with an equal amount of CrA-monoacid (light orange curve) is significant.
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Figure 3.16: The z spectra of 10µM peptide GRRK(CrA) in DMSO, and CrA-MA in comparison
(blues) show that CrA on the peptide is exchanging xenon without impediment. The
peptide in water is silent, compared to an equal amount of CrA-MA (oranges). The
peptide in MOPS buffer (green) is equally silent. A peptide sequence this short already
inhibits xenon exchange completely.

To determine if the cation-pi interactions are the reason for this CrA CEST silencing, the RR

in the entire RS20 peptide were substituted by AA, and the resulting peptide, GAA-K(CrA)-

WQKTGHAVRAIGRLSSSC(5-Fluo-M)-amide, was tested. Figure 3.17 shows, how the peptides

with the substitution RR/AA, and the peptide GRRK(CrA) are almost, but not entirely silent.

There is a weak and probably unspecific background CEST-effect. Because it is so weak and broad,

it does not show in the fine sampled Z spectra of Fig.3.16. With considerably broader sampling,

the very short peptide GRRK(CrA) revealed a similar, but smaller effect. Hence, the CrA is

not entirely silenced, but mostly silenced, especially when it is compared to the equal amount of

CrA-monoacid.

Unfortunately, this does not allow the conclusion, that cation-pi interactions, and nothing else,

inhibit xenon exchange. The fact that Alanine (A) residues do not make a difference makes cation-

pi interactions, and other specific electrostatic interactions rather unlikely. But these two CrA-

peptides could be silenced by two independent mechanisms. To test, whether the cation-pi interac-

tions are one of these two hypothetical silencing mechanisms, the short peptide GAAK(CrA) has

been synthesized and tested. But also this CrA-peptide ist still CEST-silent in aqueous solution,

while in DMSO, it has a CEST effect, as the Z-spectra in Fig3.18 show.
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Figure 3.17: A: The Z spectra of the CrA-RS20 peptide with an RR/AA exchange in DMSO (blue)
and in buffer (green), compared to the same amount of CrA in buffer (orange). a very
weak and broad CEST is recognizable from CrA-RS20 RR/AA in buffer, showing that
the xenon exchange is inhibited, but not completely silenced.
B: Other peptides also display the same weak and broad CEST. The short GRRK(CrA)
(orange), as well as the C terminal fragment of RS20, GRRK(CrA)WQKTGHAVK
(red), show a weak and broad CEST, similar to the CrA-RS20 RR/AA (green). Com-
pared to CrA-MA in buffer (blue).
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Figure 3.18: Z-spectra of GAAK-CrA peptide in water with 2% DMSO (A) and 100%DMSO (B),
kindly provided by Dr. J.O.Jost.
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Structural Conformation

CrA silencing could be caused by a sterical obstruction of the CrA portals by the unstructured

peptide. Peptides of a length of about 20 AA are usually unstructured in aqueous solution. By

assuming a rigid secondary structure, the peptide is no longer able to block any CrA portals.

Wrap-around binding with CaM demands such a rigid, helical conformation. Xenon HyperCEST

results combined with circular dichroism (CD) spectroscopy results allow the interpretation that a

solvent change towards TFE (trifluoroethanol) leads to a more helical conformation (CD), and at

the same time, to the reconstitution of the CEST response. One of the things strongly influencing

the structure of a peptide in solution is solvent change. Trifluoroethanol (TFE) has the property

to stabilize helix formation in peptide structures that are prone to assume helical conformation [82].

So, TFE was used to emphasize the tendency towards helical conformation in the CaM-binding

peptides in the absence of their binding partner CaM. Figure3.19a shows the Z spectra of CrA-

M13-FAM and CrA-RS20-FAM in different solvents: pure water, water with 20% TFE and water

with 50% TFE. As a control, an equal concentration of CrA monoacid was measured in the same

solvents. The CEST effect was remediated by TFE, and was most pronounced with 20% TFE. At

50% TFE, there was a smaller CEST effect.

Figure 3.19a also shows the TFE-dependent change in conformation towards a defined secondary

structure of the peptide. The more TFE a sample contained, the more helical structure was

recognized in the CD spectrum. The helicity was determined in % contributing residues, according

to Brahms & Brahms [12]. The calculated overall helicity is moderate, but an increase in helicity

is notable. Equivalent samples were tested for xenon exchange. Note, that in this experiment,

xenon solubility and exchange dynamics are influenced by the solvent change and the structural

rearrangement of the peptide. The ratio between the CrA-peptide and the CrA-MA has changed

with the increase from 20% TFE to 50% TFE. The control experiment with CrA-monoacid in the

same solvent shows the influence of the peptide on the CrA mediated xenon exchange. Comparison

of the CEST effects from CrA-monoacid between the different solvents does not reveal much about

the xenon exchange in general. For this, more parallel CrA- monoacid experiments would need to

be done.

Comparing the solution signals, as shown in Fig. 3.19b provides an estimate of how the xenon

solubility is changed by the solvent. In water, the Xe@solution signal is a bit higher than in 20%

TFE. In 50% TFE, it is about twice as high as in water. More data would be necessary to clothe

this in numbers, but the rough estimation, that 50% TFE substantially increase the Xe@solution

signal, is the information most needed to iterpret the Z-spectra in Fig. 3.19a.
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(a) A: Z-spectra of CrA-peptides RS20 and M13 in the solvents water, water with 20% TFE and water
with 50% TFE. The peptides are CEST-silent in water, and CEST-activated by the solvent TFE. At
20% TFE, the CEST effect is most pronounced for both peptides. B:The enhanced manifestation of
the helix propensity in both peptides, induced by TFE. This is demonstrated by CD spectroscopy, and
spectra been evaluated by a deconvolution according to the method of Brahms&Brahms [12]. The %
helicity calculated in the deconvolution is denoted in the graphs and relates to the contributions of AA
residues.

(b) Solution signal (Xe@Solution) in a direct xenon NMR spectrum of the different solvents water, water
with 20% TFE and water with 50% TFE.

Figure 3.19: The effects of the organic solvent trifluoroethanol (TFE) on the cryptophane-peptides
are expressed in the Z - spectra (A) and the helix propensity (B). The Xe@solution
signal is affected by the solvent, too (b).
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4 Discussion

4.1 The Interaction Network Around Cryptophane Silencing

The initial observation leading to this study has been investigated, and issues have been addressed

from multiple directions. Cryptophane CEST can be reversibly silenced in a controlled manner,

and this can be used as reporting mechanism, indicating molecular changes in concentrations in

the sub-μM regime.

Figure 4.1, which is a highly simplified schematic, represents of the involved molecules and the

network of interactions between them. The complex network and a more appropriate mathematical

description of this particluar process are elaborated on in full complexity by Valeyev et.al. [85]. The

incorporation of calcium ions into calmodulin (CaM) is an example for the hidden complexity: the

4-stage cooperative binding process, sublty indicated by the wavy line, causes the conformational

rearrangement of the protein from apo-CaM into holo-CaM, as well as peptide binding. Both of the

latter facilitate the progression of calcium binding, and vice versa. Even in the absence of calcium,

apo-CaM and the peptide RS20 interact and bind, but this has only been observed when there are

absolutely no salts around [84].

4.1.1 CaM-Peptide Binding and Calcium Sensitive Range

The binding interactions between CaM and the peptide are illustrated schematically in figure 4.2.

Four different processes cooperate and contribute to this interaction:

1. The Ca2+ uptake of CaM

2. The conformational change from apo-CaM to holo-CaM and its cooperation with peptide

binding

3. CaM-peptide binding

4. The conformational change of the peptide
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free calcium

peptide
(unstructured)

covalent bond

interference

reversible binding

conformational rearrangement

Xe

biosensor
- cryptophane
- peptide (helical)
- HoloCaM

ApoCaM

cryptophane

HyperCEST

NO
HyperCEST

Figure 4.1: Schematic representation of the biosensor principle, showing the interactions whithin
the molecular ensemble in rough categories: conformational change (orange), chemical
exchange or binding (grey) and inhibition of xenon binding (blue). The molecular
subunits are shown as pictograms.
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Figure 4.2: Schematic representation of the multistep peptide-calmodulin binding.

Calmodulin and its binding partners are known to bind in many different ways, of which the

most relevant here is the calcium dependent wrap-around binding, because calcium signals are

transmitted this way to Myosin Light Chain Kinases (MLCK), which are the origin of the peptides

used in this study. In a pH buffered solution with sufficient free calcium, it should be predominant,

if not exclusive.

The sensitive range described in 4.2.2. includes all the parts of this biosensor: Calcium, CaM,

peptide, Cryptophane, Xenon. As it can be expressed explicitly as calcium concentration, the

calcium sensitive range of this biosensor is finally determined. The CrA-RS20-FAM titrations were

done with a higher CaM concentration (Fig.3.4b) , and with a higher peptide concentration, CaM

concentration and CaM/peptide ratio (Fig.3.4c). In both cases, there was a barely significant shift

in EC50, expressed as relative CaM saturation. Considering the standard error of 0.18, a shift of

0.22 is probably not significant. But to support this claim, more experimental data is required. The

calcium titration of CrA-M13-FAM has an EC50 close to that of the CrA-RS20-FAM titrations,

but being a different peptide, it is far more likely that this titration has a truly different dynamic.

That the dynamics are very similar is probably due to the functional and regulatory similarity here:

RS20 and M13 are both derived from Myosin Light Chain Kinases (MLCK): M13 is from skeletal

muscle MLCK, while RS20 is from smooth muscle MLCK. A calcium signal in vivo would lead to

activation of the MLCK enzyme, light chain prosphorylation, and ultimately, muscle contraction.

Differences and uncertainties included, a signal and decent contrast can probably be acquired with

this biosensor between 0.5 and 1 μM free calcium.

The AUC development in the different calcium titrations appears to have similar dynamics across

the experiments. I use this careful expression, because the AUC from a xenon Z-spectrum as a

measure for a physical or chemical process has not been used before and cannot be termed a direct

indicator of it. This may be the case after a few more research projects are completed in this field,
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but currently, this is not confirmed. Every CEST response shown in Fig3.4 is a superposition of

several processes, of which the initial one, calcium-CaM binding, enables CaM-peptide binding.

As mentioned in the introduction and the previously presented results, those are two sigmoidal

processes, which under the given conditions are inseparable and take place in superposition. Two

more chemical processes are leading to a CEST response: the mechanism remediating cryptophane

CEST silencing, and the reversible cryptophane-xenon binding. These processes also contribute

their own dynamics to the development of the CEST response and its AUC. It is quite likely that

they are on the same time scale as calcium-CaM-peptide binding, and their contributions, whatever

their nature, cannot be neglected, until it is ensured that these processes are in equilibrium.

4.1.2 Conformational Rearrangement of the Peptide

The conformational rearrangement of the peptide is illustrated schematically in figure 4.3.

Figure 4.3: The orange arrow is a schematic representation of the peptide’s conformational rear-
rangement.The peptide with the terminally attached cryptophane is represented by the
grey body in two different conformations, Calmodulin wrapping around it is shown in
light grey.

The CD spectra reveal that, with increasing TFE content, the peptides have an increasingly helical

CD profile. In Xenon HyperCEST NMR, an increasng TFE content is correlated with reactivation

of silenced cryptophane.

The xenon solution signal in 50% TFE is around twice the solution signal, compared to xenon in

water, due to the better solubility of xenon in TFE. This reflects the solvent change quite well.

Apparently, TFE enhances the dissolution of xenon. This should lead to a smaller CEST effect, as

the exchanging pool of xenon is relatively smaller against a larger solution pool. To the contrary,

the CEST effect is larger, which can be caused by a much faster exchange of Xenon. The CEST

effect in 50% TFE is also substantially borader than in water, which speaks for a faster exchange.
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The ratio between the CEST responses of CrA/peptide-CrA has changed because the xenon solu-

bility is enhanced by TFE. That also matches the increased (doubled) solution signal. With more

TFE in the solvent, the Xenon@solution pool enlarges, and consequently, the fraction of Xe@CrA

decreases (because the concentration of CrA is constant). So, if the Xe@CrA fraction is smaller,

the CEST response, which is normalized to the solution signal, is also smaller. That explains the

CEST responses from the CrA-peptides, but not the responses from CrA-monoacid. The CrA-

peptide would, by this theory, keep exchanging xenon at a similar rate, despite the solvent change.

But the CrA-monoacid appears to exchange Xenon faster as the TFE content increases, eventually

surpassing the CrA-peptide’s exchange rate somewhere between 20 and 50% TFE. Under the hy-

pothesis, that the peptide prevents the solvent-dependent increase of the xenon exchange rate, this

data can be explained. But without more experimental data to support this hypothesis, it is only

speculation.

As both aforementioned effects are independent of cryptophane silencing, and the remediation of

cryptophane silencing also happens without TFE, the induced helicity of the peptide remains the

main contributor to the remediation of cryptophane silencing. The magnitude of the response

resulting thereof is most likely a result of the solvent change. The reactivation of the CEST

response, however, is most likely caused via proxy by a change in the secondary structure of the

peptide.

The unstructured conformation of the peptide was long thought to be identical with the crypto-

phane silencing mechanism, and this might still be the case for peptides long enough to ba able

to alternate between structured and unstructured conformations. However, the final results (that

show reversible cryptophane silencing without the possibility of any secondary structure) in this

study suggest that the conformational change (like target binding and calcium incorporation) is

just one of many influences on the actual silencing mechanism.

4.1.3 Influence of the Peptide on the Cryptophane

The interaction, which is essential for cryptophane silencing is the unknown inhibitory influence of

the peptide on the cryptophane. It is illustrated by the blue inhibition sign in figure 4.4.

The efforts in determining the molecular mechanism causing cryptophane silencing lead to the

exclusion of several possible reasons:

• Aromatic interactions between the W1 residue and cryptophane are not the reason for cryp-

tophane silencing. The authors of [65,95] propose it, calling it on/off switching, without further

details about the mechanism. Their hypothesis is based on the correlation of the effects W1
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Figure 4.4: The blue inhibition sign is a schematic representation of cryptophane silencing. The
grey body again represents the peptide.

and cryptophane have on the fluorescence of one another. In this study, the W1 residue was

replaced by an A residue, and the otherwise equal peptide was still silenced, which puts the

W residue out of the question.

• Interactions with specific residues, especially the ones anchoring the calmodulin binding, were

generally quite plausible as the cause for cryptophane silencing. However, none of the remain-

ing anchor residues of both peptides have an influence on the CEST effect or its modulation.

Phenylalanine (F) or Leucine (L), 14 residues away from W1, have no influence on the CEST

and its modulation. In a HyperCEST experiment, the peptide GRRK(CrA)WQKTGHAVK,

which is an N-terminally truncated RS20, silences cryptophane just as the entire peptide

does, as figure 3.17 in the results chapter, section 3.3.3, subsection: Arginine. shows. There

is some xenon exchange, but the CEST is extremely weak and broad, and therefore highly

unlikely to originate from one specific exchange site.

• The anchoring Phenylalanine (F) 5 residues away from W1 is only present in M13, which

excludes it from having a general influence on cryptophane silencing.

• Albeit Arginine (R) is not an anchoring residue, interactions between calmodulin and argi-

nine residues relevant to binding have been documented in the cases of Calcineurin [35] and

skMLCK (which contains the M13 sequence) [55]. Smooth muscle and other MLCK calmodu-

lin binding regions with a sequence similar to RS20 contain R residues that are essential for

calmodulin binding, too [6,27]. R is a positively charged residue, which is known to engange

in cation-pi residues, contributing significantly to protein-protein-interactions. The high like-

lihood of cation-pi interactions between R residues and cryptophane gave the incentive to

experimentally investigate their role. But a substitution of the two R residues neighboring
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the cryptophane-bearing K residue by A did not reactivate the silenced CrA. Stunningly,

even a radically truncated version of the peptide without R residues is still able to silence

the cryptophane. This is the smallest peptide that still silences cryptophane. It is depicted

in Figure 4.5. As there were no other charged or aromatic residues in cryptophane’s vicinity,

polar and non-polar interactions with one specific residue in cryptophane’s vicinity can be

excluded as the cause for cryptophane silencing.
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Figure 4.5: smallest cryptophane-silencing peptide, GAAK(CrA).

In conclusion, neither the total length of the peptide nor any of the investigated residues play

a key role in cryptophane silencing. Presumably, it takes just an attachment of a few rather

arbitrary amino acids to silence cryptophane. A molecule this small can be subjected to more

different spectroscopical analysis tools, as well as molecular dynamics simulation studies, than the

full-length peptide.

4.1.4 Possibilities of Cryptophane Silencing

Cryptophane silencing is, essentially, preventing xenon access or exchange. To prevent xenon

exchange, one needs to either prevent xenon from entering the cryptophane cavity or prevent

xenon from exiting the cavity again. The first can be accomplished by an imploded cryptophane

conformer, a superior competing guest, or self-encapsulation, which is a moiety within the same
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molecule acting as a superior competing guest. Another scenario might be a blockage of the portals,

upon which the cavity is empty, which forces it to implode. The second can be accomplished by

any disruption of the "sliding door" gating mechanism after xenon has entered the cavity. Such a

disruption could be the outcome of slow intramolecular interactions that compromise the flexibility

of the linkers, or block the access to the portals.

Self-encapsulation, as described in [9], has been observed in cryptophanes with linkers of different

length (asymmetric linkers). Given sufficient length, the longest linker can fold and insert in the

cavity, preventing it from imploding. This has only been observed for the linkers in unconjugated

cryptophanes, but might as well be a possibility for other, functional moieties on the cryptophane.

As the inserting moiety is within the moelcule, it can be considered a rather strongly competing

guest.

Cryptophane, its conformers and their abundance have been introduced in section 1.1.7 in the

introduction. Here, the likelihood of an imploded conformer of a CrA covalently bound to a peptide,

and its possible role in cryptophane silencing, shall be discussed. The conformational ensemble

of cryptophane primarily depends on the molecular architecture of the respective cryptophane.

It is desribed in [24], how an imploded conformer is always the result of an inherently reversible

energetical state. The imploded conformation is hardly stable and will change as soon as there is

an energetically more favourable state available. The longer and more flexible the linkers between

the CTV caps are, the greater is the energetic gap between the imploded and expanded states. CrA

is a comparatively small host with short linkers, therefore it is conformationally quite rigid [24]. An

imploded CrA conformer is energetically more favourable than sustaining a cavity without a host.

For exapmle, a water filled cavity with a hydrophobic interior is energetically less favourable than

an imploded conformer [24]. This is why even small cryptophanes with rigid structures have been

observed to implode when there is nothing to fill their cavity.

The tendency to implode depends also on solvent and cryptophane concentration, which change the

enthalpic conditions for the cryptophane, but they do not vary significantly throughout the exper-

iments with calcium and CaM. These experiments were all conducted in aq. buffer solutions with

an ionic strength of 100-200 mM, 0.8% DMSO, and CrA concentrations of 2-10 μM. The samples

were bubbled repeatedly with 2% xenon gas mix. Under these conditions, CrA is highly unlikely to

implode. However, in the expermients with TFE and controls in pure DMSO, fundamental solvent

changes are made. The CrA cavity, which has a van-der-Waals volume between 84 Å3 and 95 Å3,

as reported by Taratula el.al. [83], could accomodate DMSO comfortably (68.75 Å3, as reported

in [75]). The high polarity of DMSO is probably repulsive to the hydrophobic interior of CrA, so
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that DMSO probably behaves like water in this aspect.

Due to years of solid-state storage and dissolution in highly polar solvents (DMSO and water),

imploded conformers of CrA may have been a possibility, but only until the sample is supplied with

xenon. A structural analysis of CrA monoacid concerning that aspect was done with NMR, but

there was no sign of any imploded conformer. A similar structural analysis on the high concentration

CrA-peptide stocks was not done, because the minimally required concentration is at least 50μM,

which most likely changes the structure significantly due to aggregation, so that the sample no

longer resembles the silenced CrA-peptides at 2-10μM.

Considering that the imploded conformer for CrA was most likely not present in any experiments of

this study, because the incorporation of almost any other molecule is energetically more favourable

than sustaining an empty cavity, a partial incorporation of part of the attached peptide seems

possible. A complete blockage of the CrA portals from outside by a small peptide chain, such as

GAAK, seems rather unlikely in terms of molecule size. For the same reason, I find an initial but

permanent trapping of one xenon molecule within the cavity highly unlikely. A partial incorporation

of the aliphatic peptide chain on one side can be influenced and reversed by solvent changes,

competing itermolecular interactions, and conformational rearrangements. On the other side, it

bears the unresolved issue of how a simple aliphatic peptide chain competes with the primary guest

molecule xenon. Being covalently bound within one molecule changes the dynamics in favor of the

hypothesis of partial incorporation. But so many other peptides did not have that effect on CrA,

albeit they were bound to it. Preliminary work before this study has shown, that an excerpt from

the CaM-binding protein calcineurin does not silence the CrA attached to it. That peptide was

shown to be much more helical than M13 or RS20 with CD spectroscopy. This is why I would

promote partial incorporation of the peptide chain as hypothesis for future research.

4.2 Molecular Biology of the Sensor in a Hypothetical in cellulo

Context

Introducing the cryptophane-peptide into a live cell should be straightforward, because it is a

cell penetrating peptide (CPP). Its overall positive charge and secondary structure facilitate the

passage through the cell membrane. The permeation of exactly these CrA and fluorescein labeled

peptides into intact cells after 30 minutes of incubation has been demonstrated by Westmeyer

et.al. Peptides, ubiquitously distributed in the cytoplasm of living cultured cells, were observed

with fluorescence microscopy by Westmeyer et.al.
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In the cytoplasm, the cryptophane-peptide competes with numerous CaM binding proteins for a

few μM CaM; of which less than 1% are free and available for binding. The cytosolic protein cocktail

of this study does not take into account the myriads of immobilized proteins in the organelles and

on the membrane of an intact cell. Other ions, which might compete with calcium-CaM and CaM-

peptide binding, like Mg2+, have not been assessed here. The cytoplasmic protein cocktail of this

study is a test for soluble protein based background interaction only. Fortunately, the introduction

of additional binding partners for CaM into intact cells has been shown to not have an effect on

the CaM motility and availability [70]. This means, in spite of harsh competition, binding to CaM

should be possible for the CrA-peptide.

The combination of a small synthetic ligand with a ubiquitous cellular protein to a molecular

reporter ensemble is a frequently used design for molecular reporter systems, especially for imaging

contrast agents. This is why it has been chosen in this study. The basis for this sensor desgin

was the very successful fluorescence biosensor GCaMP, from which the peptide was adapted. The

reporting moieties (GFP and cryptophane) both report upon their structural rearrangement, which

is, via proxy, caused by changes in the free calcium ion concentration.

Beyond that, however, the two biosensors are quite different: In GCaMP, all the components of the

biosensor are on one molecule, which is genetically expressed by the cell. The cryptophane-peptide

cannot be expressed or encoded genetically, which is why the molecule needs to be synthesized and

introduced into the cell. The former is not straightforward, and the latter can become a challenge

as soon as in cellulo studies need to go beyond the the cultured cell monolayer.

This study has shown that cryptophane has the potential to interact with membranes and micelles

and reactivate xenon exchange independently of the peptide, CaM and calcium. When micelles are

provided (for instance by Antifoam A), the cryptophane silencing is remediated instantly and fully;

even more than by CaM-peptide binding. This suggests that interactions with the micelles must

be stronger or energetically more favourable than the "silent conformation" of the cryptophane-

peptide. The question if and in which intensity these interactions are relevant in living cells can

only be answered experimentally.

The foreign cryptophane-peptide may encounter cellular defense mechanisms, and probably has a

limited lifetime in the cytosol before it is degraded or expulsed. Eventually, the pharmacokinetics

and potential toxicity of the peptides to cultured cells need to be analyzed.

In a nutshell, the molecular biology challenges for the biosensor in cellulo are:

• cell permeation and peptide delivery in cell cultures other than a monolayer or suspension
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• competition by other calmodulin binding proteins

• lipid-rich and hydrophoic compartments, organelles or micelles.

• cellular defense and peptide degradation/expulsion

• feedback loops of calcium signalling, which the biosensor might be involved in

• toxicity and pharmacokinetics of the peptide

Most of the above mentioned limitations can be overcome once the silencing mechanism has been

found out, by using a smaller and CaM-independent molecule that can alternate between confor-

mations to either sense calcium or silence cryptophane CEST. Designing such a molecule would

mean to entirely redesign the biosensor, which is beyond scope of this study.

4.3 Technical Limitations in This Study

Several physical and chemical analysis methods have been employed to complement 129Xe Hyper-

CEST NMR spectroscopy and help to elucidate the structural mechanism at the core of cryptophane

CEST silencing. In particular, these are:

• Structural 1H NMR

• ECD spectroscopy

• ITC

• Fluorescence Polarization

Each of these methods can only access parts of the mechanistic network, which cryptophane CEST

silencing is embedded in. The differences in experimental conditions between those methods make

comparisons less reliable and more complicated. All HyperCEST experiments are done under 3,5

bar overpressure and an atmosphere of 2%Xe, 88%He and 10%N2. For many aspects, this may

be irrelevant, but molecular xenon incorporation, and anything else that depends on the dissolved

gas, might be affected by that. Gas-tight apparatures are not available for most of these methods,

and measurements are performed under air at atmospheric pressure.

The low concentration of cryptophane-peptide is a key advantage of this biosensor, but it makes

the mechanism hardly accessible for other measuring techniques. The fact that the peptide is
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unstructured under these conditions provides little information. Observing CrA and CrA-peptides

at higher concentrations, where this untsructured conformation might be roughly characterized,

can lead to aggregation phenomena, which have their own influence on the structure. Except for

FP, all the methods mentioned above require concentrations over 50μM, which is already well in the

aggregation range. Fluorescence Polarization provides reliable information about binding events

and reactions, but not about molecular structure in this case. The molecular structure may have

an influence on the autofluorescence of CrA, but this can only be measured without fluorescent

moieties.

The application of the entire biosensor would be in the analysis of intracellular calcium signals,

primarily for research. This can be done in cellulo, with cultured cells, or in situ, with tissue

preparations.

As intracellular calcium signalling is spacially and temporally encoded, a Xenon HyperCEST MRI

would need to be done with a temporal resolution between seconds and single minutes, to be able

to decode any i.c. (intracellular) calcium signalling. The acquisition would need to be spatially

resolved to a certain extent as well. A spatial resolution of individual cells is not attainable,

but also not necessary, because tissue-wide calcium imaging has been shown to be a very useful

application [2]. However, for a tissue-wide calcium analysis, a tissue simulation with cultured cells

or a tissue preparation would need to be implemented. The individual cells need to be supplied

with polarized xenon, nutrients, necessary ions for homeostasis, and the paramagnetic oxygen.

CrA-peptide integrates into micelles, or any compartment similar to a micelle, reactivating the

cryptophane. Many such compartments are sincluded in a live cell, or even on the way to a cell

in blood (which is also an emulsion). Because the integration into micelles can be mediated by

cryptophane, it may not be possible to determine whether a cryptophane reactivation comes from

an intracellular calcium signal or a micellar compartment. This problem may not even be solvable

by molecular redesign. However, calcium signalling is temporally encoded, while the intagration

into micelles is not. Given any temporal resolution, calcium signalling perhaps may be separated

by its transient nature.

Xenon dissolves in blood and water only to a certain extent under normal atmospheric pressure.

Xenon polarization has a certain lifespan, which depends largely on the surrounding solvent and

magnetic properties. As the best way to administer xenon to a living organism is by breathing,

and in any case xenon will travel in the bloodstream, it is always combined with the paramag-

netic oxygen, which enhances nuclear relaxation, which leads to a shorter polarization lifetime. In

such a case, the lifespan of xenon polarization is restricted to these conditions, and consequently,
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so is the time that xenon has to reach the cryptophane at the target site AND experience the

saturation pulse. Whenever in vivo experiments are planned, the xenon solubility in blood/water

at atmospheric pressure and the lifespan of xenon polarization in the given bloodstream are hard

limitations that must be considered. The callenge of any in vivo xenon MRI is to get the xenon to

the target site before the polarization is lost. The speed of this transport is ultimately limited to

the blood flow of the specimen or patient.

As a summary, the technical limitations in application of the biosensor and cryptophane silencing

are:

• a necessary temporal resolution of seconds to minutes

• the xenon solubility in blood and tissue

• the polarization lifetime in blood and tissue

• fixed-bed solutions for tissue simulation, or tissue preparations , which need to be implemented

for hyperCEST to conduct in-situ experiments

For in situ and in vivo calcium sensing with xenon HyperCEST NMR, further development of

xenon biosensors, and the delivery of xenon and biosensor molecules, as well as signal acquisition

techniques is necessary.
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5 Summary, Conclusion and Outlook

5.1 Summary

This study began in pursuit of the development of a calcium-CaM sensitive biosensor for xenon

HyperCEST NMR. It was focused on the characterization of reversible cryptophane CEST silenc-

ing mediated by short peptides. Several possible causes for cryptophane CEST were excluded

experimentally, and the search for the mechanism is now more constrained. The limitations of

the calcium-CaM-peptide biosensor were discussed, and future investigations can be done on much

smaller molecules in simpler samples. The main findings of this study are:

1. The ability of cryptophane to exchange xenon can be silenced selectively by an attached

peptide.

2. Cryptophane CEST silencing can be reversed by allowing the peptide to bind Holo-CaM.

Modulations of CaM or calcium concentration directly affect cryptophane silencing.

3. The CaM-mediated silencing is a dynamic response, meaning it changes instantly and flexibly

with the concentration of Holo-CaM, in both directions.

4. A quantification of the response’s sensitive range to between 0.2 and 1.0 equivalents of calcium

per CaM was possible. Equivalent concentrations of CrA-peptide and CaM were sufficient

to remediate cryptophane CEST silencing. A peptide concentration of 2 μM was the lowest

concentration, with which the response was recorded. This corresponds to a sensitive range

of 0.4 - 2 μM calcium This reflects the concentration range of intracellular calcium signaling,

and the sensitivity of current calcium imaging techniques.

5. Cryptophane CEST silencing can also be reversed by a change of solvent to TFE or DMSO,

or by the presence of micelles.

After the phenomenon of cryptophane silencing has been confirmed and initially quantified, cryp-

tophane silencing has been analyzed from a few possible angles. An investigation by HyperCEST
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is almost without alternative, because of the very limited accessibility of the mechanism at micro-

molar concentrations. Several mechanisms have been excluded as cause, some previously published

concepts [64,95] could not be confirmed, but the one mechanism that causes chryptophane silencing

could not be determined yet. However, this study has shown that all it takes to silence cryptophane

at such low concentrations is four rather arbitrary amino acids. Additionally it was shown, that no

specific secondary structure is needed for that, and that the ability to silence cryptophane is neither

a question of length or sequence of the peptide. This makes the search for a defined mechanism

more concise, and guides it into a direction of small-molecule structural analysis and spectroscopy.

5.2 Conclusion and Outlook

The elucidation of cryptophane silencing has become the final and central aspect of this study and

is the objective for future investigations on this topic. Using the smallest possible molecule for the

elucidation of the mechanism comes with the advantage of being able to avoid aggregation at higher

concentrations, and thereby being able to use more structure analysis methods. A concise mech-

anism within this molecule might be applicable with larger molecules, or even different molecular

systems, but this is not necessarily the case. Applications probably require a well planned modi-

fication and simplification of the biosensor for biocompatibility and efficiency, for which an exact

knowledge of the mechanism is essential. Any generalization or translation onto other molecular

host/guest systems also requires a well defined mechanism. After this study, the scientific goal of

selectively silencing chemical exchange in host/guest systems has become more palpable, but the

challenge of elucidating the exact mechanism remains.

Future studies are required to pursue the elucidation of the chemical mechanism behind cryptophane

silencing. A partial encapsulation of the molecule itself, much like the self-insertion described

by Baydoun in [9], becomes more likely than initially proposed. A molecular dynamics modeling

approach might reveal unknown experimental paths to follow for future analysis. Cryptophane -

xenon interactions in water have been modeled and are described in [40] and [53]. An MD simulation

of a 20-residue peptide has become quite feasible over the last seven years. The development of

a new generation of force fields, an increase in computational power by hardware development, a

move from local to cloud computing, and an increased number of projects dedicated to peptide

and polypeptide structure simulation raise hope for that field [21]. However, the MD simulation of

cryptophane-bearing peptides is still a project beyond the scope and the discipline of this study.

The latest and rather surprising result was that even the shortest peptide in this study, K(CrA)GAA,
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is able to silence cryptophane. An MD simulation thereof appears tempting at first. However, in

this scenario, the re-activation of the CEST response by CaM or Antifoam A is not accessible,

simply because the interaction of the tripeptide with calmodulin or antifoam A is completely un-

known. It cannot be expected to resemble the longer peptides, so deductions from the experiments

with longer peptides cannot be made. That said, an MD simulation of a longer, CaM binding CrA

bearing peptide is presumably the better starting project for future investigations.

Experiments with cells have been considered, but not pursued in this project, because a redesign of

the biosensor was considered as necessary, to avoid interactions with lipid-rich structures and mi-

celles. However, a few investigations may be of advantage without an elucidation of the mechanism.

To enhance the biosensor’s visibility, overexpressing CaM seems compelling. However, overexpres-

sion of solvated, active CaM is limited by how much extra signal transduction the cell can handle

before initiating apoptosis. This also depends on the cell type. Incubating lysed cell material with

immobilized cryptophane-peptide immobilized on a column, and a subsequent elution, also seems

compelling. It could be useful to detect how much CaM is in the cell to bind the sensor peptide.

Furthermore it could be useful to see if anything else from the cell binds the sensor peptide, and

competes against CaM. But in an intact live cell, the peptide would have a certain mobility, which

cannot be considered when it’s fixed onto a column. Moreover, lysed cell material lacks the cy-

tosolic structure and orgaization, which may engage in unforeseen interactions (or prevent them),

and needs additional protease inactivation agents. Lastly, experiments with immobilized live cells

would be the most desireable perspective.

In [45], Kunth et. al. describe a method to determine exchange rates from realxivity measurements.

This could be used on the fully assembled and active biosensor. The surface of CaM needs to

be taken into account, because xenon may adhere to it, albeit this does not visibly or directly

influence HyperCEST measurements. However, that does not mean xenon does not interact with

calmodulin at all. There might be interactions with the protein surface, which may modulate the

relaxivity of xenon in the solution pool. Kunth’s method of determining an exchange rate using the

temperature-related relaxivity, described in [45], could be used to analyze this. This includes that

the surface of calmodulin, in each of its different conformations, must be considered as potential

interaction partner for xenon and measured individually. The peptide, especially in its unstructured

state in solution, does not provide a concise surface for xenon to adhere to and experience significant

changes in relaxivity or chemical shift.

Knowing that cryptophane silencing is possible with a much smaller and simpler molecule than

anticipated at the beginning of this study, future projects have the opportunity of using higher

89



CHAPTER 5. SUMMARY, CONCLUSION AND OUTLOOK

concentrations of the smallest cryptophane silencing molecule and different spectroscopy methods

for structure elucidation of the silenced complex. The structure can reveal key facts about the

silencing mechanism, which has the potential to change the use of cryptophanes substantially.
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6 Materials and Methods

6.1 Calmodulin

6.1.1 Calmodulin from External Sources

CaM was at first purchased at Medicago BV, and Sigma, as lyophilized powder. It was extracted

from bovine testes and purified using LC. Its molecular size and purity was confirmed by the

manufacturers by gel chromatography and LC. However, the folding and binding activity have not

been verified and may have been deteriorated by lyophilization. The suppliers state an enzymatic

activity of the re-dissolved CaM between 1 week (sigma- aldrich) and several months (medicago),

depending on the supplier. After different observations of CaM activity loss over time, a continuous

quality of CaM, independent of purchase and delivery times, was pursued. Cloning and heterologous

expression of CaM was done, and solubility and binding to the target of this study was verified.

6.1.2 Cloning

The plasmid pKK233-hCaM, carrying the hCaM1 gene, was purchased from Addgene. Plasmid

pKK233-hCaM is shown below, in fig.6.1. Plasmid maps were generated with Benchling.

The plasmid pKK233-hCaM was delivered as a bacterial stab culture, from which it was streaked

on LB (Lysogeny Broth)-Agar with 100μg/ml Ampicillin for selection of single colonies. The LB

recipe can be found in the Manual for the pET system, pg.16.

200ml LB + 100μg/ml was inoculated with a single colony and shaken at 180 rpm and 37℃over

night. Glycerol stocks were produced from this culture by putting 500μl of the overnight culture

in a screw cap tube and adding 500μl 50% Glycerol, mixing thoroughly, and placing the stock at

-80℃.

The insert for the expression vector carrying the hCaM gene was amplified from the plasmid

pKK233-hCaM1 by PCR, using the KOD hot start polymerase (novagen).

The PCR product was verified by agarose gel electrophoresis with EtBr (Supplies were purchased

from BioRad, and BioRad Protocols were used), and purified from the semi-preprative gel and the
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Figure 6.1: The Plasmid pkk233hCaM.
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Figure 6.2: The Plasmid pET28a-EGFR.

remaining PCR mix, using the HiYield miniprep Kit (Südlabor), according to the manufacturer’s

protocol.

Plasmid pET28a-EGFR was modified by enzymatic restriction with enzymes BamH1 and XhoI, as

indicated in the plasmid map (fig. 6.2). The region highlighted in the map , mainly comprised of

the pET28a plasmid vector, was used as expression vector for the hCaM1 gene. The enzymatic

digestion was conducted on both the vector and the insert, to produce the compatible sticky ends.

The manufacturer’s protocol for 50 μl total reaction volume was used for this: 1 μg DNA to be cut,

2μl of each enzyme, 5μl cutSmart Buffer, fill up with DNAse free MilliQ Water to 50μl, 1h at 37°C,

inactivation at 65°C for 5 min.
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Name Length sequence (5’-3’) Tm-initial °C Tm-final°C
pKK-CaM-for 24 aggaaaggatccatggctgaccag 38.0 66.9
pKK-CaM-rev 24 cccgggctcgagtcactttgcagt 34.0 70.4
T7 promotor 20 TAATACGACTCACTATAGGG - 46.8

T7 terminator 19 GCTAGTTATTGCTCAGCGG - 52.9

Table 6.1: Primers used for cloning

Name restriction site
BamH1 5’-G’GATCC-3’
Xho1 5’-C’TCGAG-3’

Table 6.2: Restriction enzymes used in this study, with binding site. The enzymes were purchased
from New England Biolabs.

List of primers:

List of restriction enzymes:

The restrictions were verified on a 2% agarose gel with EtBr, along with the controls. The DNA

fragments to be ligated were cut and purified from the gel, using the HiYield Kit (südlabor),

according to protocol. The purified DNA unfortunately was of low concentration and the insert

additionally had a high salt content. Yet it was ligated using T4 Ligase (NEB), according to the

supplier’s protocol for the reaction volume of 20 μl:

The ligation resulted in the new expression plasmid pET28a-hCaM (fig. 6.3). After ligation, the

plasmid was resalted, using a MicroBioSpin P-30 Tris Cromatography column (BioRad), to aid

the transfection by electroporation. The recA- non-expression host strain E.coli XL1Blue was

transfected with pET28a-hCaM for decent transfection efficiency, as the pET manual recommends

for initial cloning.

The colonies were rescued in SOB (Super-Optimal Broth) medium after electroporation and selected

on LB-Agar with 35μg/ml Kanamycin. The correct ligation was verified by colony PCR (primers:

T7 promotor, T7 terminator, see table 6.1), according to the pET vector manual, section III.C, pg.

22. The size of the PCR product from the correct insertion/ligation is 701bp. It was verified on

a 2% agarose gel with EtBr. Because of the sticky ends, a reversed insertion was highly unlikely.

Also, as the next step was a preliminary expression, there was no interest in a check for the right

orientation of the insert.

Single colonies with the correct plasmid were inoculated and cultivated, each single colony in 50ml

LB with 35 μg/ml Kanamycin and 100μg/ml Ampicillin, in 250ml flasks in an shaker incubator

(infors HT), at 37°C and 180 rpm, until OD reached 0.6-0.8. The plasmid was extracted and
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Figure 6.3: The Plasmid pET28a-hCaM.

purified by chromatography, using the GeneJet Midiprep spin column kit (thermofisher) according

to the supplier’s protocol. It was strored at -20°C, and a small amount transformed into the E.coli

expression strain BL21 by electroporation, as previously described.

Cloning advice and Background information is provided in the pET Vector manual.

6.1.3 Protein Expression and Purification

Figure 6.4 provides an overview of the expression and purification.

The strain BL21(DE3) was used as expression strain. The strain is resistant against T1 phages. It

contains the necessary genes for the widely used IPTG induction and T7 expression. The Lon and

OmpT proteases are deficient in this strain, to prevent instant protein degradation.

The cultivation was conducted as follows:

1. Preculture: - Inoculation: 1ml (2%) Glycerol Stock in 50ml LB + 35μg/ml Kanamycin (50μl

-> 1:1000 from Stock)

- Preculture 37°C over night.

2. Growth: -Inoculation: 50ml (10%) preculture in 450ml LB+ 105μg/ml Kanamycin (1,5ml ->

1:333,33 from Stock)

- Cultivate at 37°C until optical density (OD) between 0.5 and 1 (5h:30min)
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Plasmid: PET 28a-
hCaM
- KanR
- Promotor :
- Terminator :

Strain: BL21
-lacks Lon and OmpT proteases to
prevent target Protein degradation
- DE3 (T7 RNA Polymerase, to use T7
Promoter)

Scrape off glycerol
stock with loop

Main culture:
inoculate 1:10 with ON
culture, cultivate until log
phase (A550 = 0.5-1.0,
2-2.5h)

Preculture:
inoculate 25ml LB
cultivate ON

Take samples for
SDS-PAGE pre
induction

Expression:
cool to 18°C
induce with 0.5mM IPTG
and express ON

Take 50µl samples
for SDS-PAGE
post
induction

37°C

180rpm

37°C

180rpm

Mechanical cell lysis
with
protease inhibitor cock-
tail and on ice.

Harvest by
Centrifugation
(10000g)

Purification by size exclusion
gel
chromatography on ÄKTA
60/ 100 Column
Assess by
SDS-PAGE

Purification by IMAC on ÄKTA
5ml HisTrap
Assess by
SDS-PAGE

shock freeze and Aliqout storage
at -80°C

Figure 6.4: Overview of the expression and purification workflow of hCaM from the expression.
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- Take Samples for OD monitoring and SDS gel (pre- induction and post induction, super-

natant and pellet of 1 ml each)

- SDS Buffer (BioRad website): 25mM Tris, 192mM Glycerol, 0.1%SDS, pH 8.3

3. Induction: - Cool culture on ice and cool down incubator to 18°C

- Add IPTG: 500μl (to 500ml culture) of 1M Stock –> 1mM

4. Expression: Cultivate over night (16h) at 18°C.

The cultivation was stopped by cooling on ice. All subsequent steps were done on ice or with

equivalent cooling. Cells were disrupted with ultrasound and sheer forces, as previously mentioned.

The cell disruption was performed in a pH buffered protease inhibitor cocktail. The cell debris was

removed by centrifugation at 10000g. The purification was done according to this protocol:

1. Harvest: Centrifuge at 4000g for 15min at 4°C , keep on ice, resuspend in ice cold Lysis

Buffer.

Lysis Buffer:

0.02 M PBS + 5mM DTT + 1 Tablet cOMplete EDTA free

PBS (Phosphate Buffered Saline): 0.5 M Na2HPO4 and 0.5M NaH2PO4 are titrated to yield

pH 7.4, diluted 1:5 in water, and 0.5M (29,22g/L) NaCl is added before use.

2. Lysis: Pretreatment with ultrasound probe, then mechanical lysis with microfluidizer, 5-6

cycles, 1 additional wash with PBS.

3. Purification:

Pretreatment:

The cell lysate was centrifuged at 10000g to remove cell debris. The supernatant was rescued

carefully and filtrated, using vivaspin columns (GE healthcare, now cytiva), to remove smaller

compounds, especially proteins and peptides.

Affinity chromatography:

Fast pressurized liquid chromatography (FPLC) using an ÄKTA System, with a HiTrap Ni-

NTA 5ml column (GE healthcare, now Cytiva). The clear and filtrated cell lysate was loaded

onto the column by the ÄKTA, and given time for protein binding. The buffer for all following

steps was PBS with 0.01M imidazole. The column was washed several times before elution.
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Figure 6.5: The generic form of a block copolymer, or poloxamer, of which pluronic L-81 is one.
The properties of block copolymers depend largely on the chain length and branching.

Figure 6.6: The basic structural unit of a polysiloxane (also known as silicone). Antifoam is such
an active silicone polymer. The properties of silicone polymers depend almost entirely
on their length and branching.

Elution was done with imidazole, running a gradient from 0.01M to 0.5M imidazole.

Size exclusion chromatography (SEC):

Equilibrated previously with MOPS Buffer (30mM MOPS, 100mM KCl, 1.3 mM CaCl2, pH

7.2)

The products of most steps were verified by SDS-PAGE. The final purified hCaM was assessed by

extinction measurement and Bradford’s assay with an external standard (Bovine Serum Albumin).

The final product was shock frozen and stored at -80℃as stocks with a volume of and a concentration

of 250 μM. These stocks were used for the preparation of samples.

6.2 Antifoam

As protein containing aqueous solutions tend to foam strongly, when bubbled with gas, an an-

tifoam agent is essential for Xenon NMR with CaM. The surface tension reducing block copolymer

Pluronic L-81 (Sigma-Aldrich) has been used in Xenon NMR before, without notable interference.

An amount of 0.3 vol.-% Pluronic was used in each sample that contained Calmodulin. The basic

structure of the block copolymer that pluronic consists of is shown in fig.??. The idea was to change

the antifoam agent in order to rule out any interference of pluronic with the cryptophane silencing.

Pluronic was replaced by Antifoam A (Sigma-Aldrich), a polysiloxane. The basic structure of a

polysiloxane is shown in fig. ??. As shown in the results, antifoam A surprisingly remediated

cryptophane silencing. An amount of 0.3 vol.-% of antifoam A was used for each sample. Each one
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Figure 6.7: The peptide RS20 in full length, with Cryptophane and Fluorescein-5-Maleimide func-
tional groups.

of these two antifoaming agents was added to the buffer, and the sample was mixed vigorously, to

distribute the high viscosity fluids well and benefit from their effect.

6.3 Cryptophane - Peptides

The cryptophane used in this study was exclusively cryptophane-A monoacid, as described in the

introduction. The cryptophane was weighed and redissolved from lyophilized powder in DMSO at a

concentration of 500μM. Weighing cryptophane powder must be done with care, as it is electrostatic.

The concentration was later confirmed by HPLC. The DMSO stock solution was stored at -20℃.

The cryptophane peptides for this study are schematically depicted below, to have a view of the

sequence and functional groups and their positions in the molecule. The peptide RS20 (fig.6.7) is a

representation of the autoinhibitory and CaM binding region of smooth muscle myosin light chain

kinase.
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Figure 6.8: The peptide M13 in full length, with Cryptophane and Fluorescein-5-Maleimide func-
tional groups.

The peptide M13 (fig.6.8) is another CaM binding site, derived from skeletal muscle myosin light

chain kinase. M13 is also an autoihibitory region, which suppresses the CaM-stimulated myosin

light chain kinase activity and so prevents muscle contraction.

To address the questions discussed earlier about interactions between cryptophane A and certain

amino acid residues, the residues in question were exchanged by alanine (A) residues. First, the

tryptophan (W) residue nearest to the cryptophane was exchanged, as shown in fig.6.9.

Then, the arginine (R) residues in cryptophane’s close vicinity were substituted by alanine (A), as

shown in fig. 6.10.

To rule out the N-terminal part of the peptide as cause for cryptophane silencing, RS20 was

truncated in the middle, see fig.6.11. Note that the shorter peptides from hereon were made

without a fluorescent tag, because they were not meant for any binding or microscopy assays, and

only for analysis with (Xenon) NMR.

All of the aforementioned peptides were synthesized by biosyntan GmbH. The smallest peptides,

100



CHAPTER 6. MATERIALS AND METHODS

HO

H
N

O

H2N NH

HN

O

N
H

H2N NH

HN

O
H
N

O

N
H

H
N

O

O

N
H

H2N

O

O
H
N

NH2

H

HO

O

N
H

H
N

O

N
HN

O

N
H

O
H
N

N
H

O

HN

NHH2N

O
H
N

O

N
H

H H
N

O

N
H

O

H2N NH

HN

O
H
N

N
H

O
HO

H
N

O
HO

N
H

O
HO

NH

O

OMe

O

O

O

O

MeO

OMe

O

O

O

OMe MeO

O

O

NH

S

O

NH2

N
O

O

O

OH

O

O

HO

RS20-W

GRRK-(Cr-A)-AQKTGHAVRAIGRLSSS-C(5-Fluo-M)-amid

Figure 6.9: The peptide RS20 in full length, with Cryptophane and Fluorescein-5-Maleimide func-
tional groups, with an alanine substitution at W5.

101



CHAPTER 6. MATERIALS AND METHODS

HO

H
N

O

O

N
H

O
H
N

O

N
H

HN

H
N

O

O

N
H

H2N

O

O
H
N

NH2

H

HO

O

N
H

H
N

O

N
HN

O

N
H

O
H
N

N
H

O

HN

NHH2N

O
H
N

O

N
H

H H
N

O

N
H

O

H2N NH

HN

O
H
N

N
H

O
HO

H
N

O
HO

N
H

O
HO

NH

O

OMe

O

O

O

O

MeO

OMe

O

O

O

OMe MeO

O

O

NH

S

O

NH2

N
O

O

O

OH

O

O

HO

RS20-RR

GAAK-(Cr-A)-WQKTGHAVRAIGRLSSS-C(5-Fluo-M)-amid

Figure 6.10: The peptide RS20 in full length, with Cryptophane and Fluorescein-5-Maleimide func-
tional groups, with two alanine substitutions at R2 and R3.

102



CHAPTER 6. MATERIALS AND METHODS

HO
H
N

O

H2N NH

HN

O
N
H

H2N NH

HN

O H
N

O
N
H

HN

H
N

O

O

N
H

H2N

O

O H
N

NH2

H

HO

O
N
H

H
N

O

N
HN

O
N
H

O H
N

NH
O

O
NH2

OMe

O
O

O

O

MeO

OMe

O

O

O

OMe MeO

O

O

NH

RS20-half

GRRK-(Cr-A)-WQKTGHAVK

Figure 6.11: The C-terminal half of peptide RS20, with Cryptophane as functional group.

103



CHAPTER 6. MATERIALS AND METHODS

HO
H
N

O

O
N
H

O H
N

O
NH2

OMe

O
O

O

O

MeO

OMe

O

O

O

OMe MeO

O

O

NH

GAAK-(Cr-A)

HO
H
N

O

H2N NH

HN

O
N
H

H2N NH

HN

O H
N

O
NH2

OMe

O
O

O

O

MeO

OMe

O

O

O

OMe MeO

O

O

NH

GRRK-(Cr-A)

HO
H
N

O

O
N
H

O H
N

O
NH2

OMe

O
O

O

O

MeO

OMe

O

O

O

OMe MeO

O

O

NH

GAAK-(Cr-A)

A B

Figure 6.12: The peptides GRRK-CrA and GAAK-CrA.

shown below in fig.6.12, were synthesized in our lab, by Dr. J.O.Jost, and the correct synthesis

and purification was confirmed with HPLC.

The peptide containing just the C-terminal side with the cryptophane of the original RS20 was

sythesized in two versions: with two arginines (fig.6.12A) and with two alanines (fig.6.12B) instead.

6.4 Calcium Buffering

To provide exactly the desired amount of calcium ions in solution at all times during the experi-

ment, calcium buffering was used. The Calcium Calibration Buffer Kit Nr. 1 (ThermoFisher) was

used for this. The buffering system in this kit is based on an triangular equilibrium between cal-

cium, its chelator, and an inferior competitor ion (K+). The exact function and preparation of an

equal calcium buffering system is described in [11]. The purchased buffer Kit used here consists of

two solutions: 10mM Ca EGTA and 10mM K2 EGTA. The two solutions were mixed in different

ratios to yield the desired concentration of free calcium ions. This concentration can be set between

zero and 39 μM free calcium, using the calculation example from the Kit’s Manual, or the calcu-
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lations described by Bers et.al [11]. The calculations need be adjusted to the working conditions,

in this order: temperature, ionic strength, pH. This is essential to obtain the desired free calcium

concentration.

6.5 Xenon HyperCEST NMR

6.5.1 NMR Equipment and Hyperpolarization Apparatus

Pressurized liquid gases (He, N2 and 129Xe) in Bottles are purchased from Air Liquide and Linde.

He serves a s filling gas, N2 serves as buffer for heat dissipation in the polarization process. The

gas mix used in this study was: 10% He, 88%N2 and 2%129Xe. The gas bottles were connected to

the gas mixing station with pressure regulators and stainless steel tubing. The custom built gas

mixing station consists of steel tubing and connectors, the latter serve as mixing chambers. Pressure

regulators at the entrance regulate the gas influx. The pressure regulators are operated with a user

interface, which is based on DASYLab13. The gas composition that leaves the mixing station can

be set via the incoming gas flows. The tubing, connectors, fittings and valves are purchased from

swagelok(NL).The gas mix is transported to the polarizer through stainless steel piping (swagelok).

Quarter-turn valves (swagelok) mark the entrance to the polarizer. The Leipnix polarizer was built

by Schroeder et.al. and is described in [74]. It is a network of perfluoroalkoxy (PFA) and stainless

steel tubing and connectors (Swagelok), through which the gas is guided by pressure and flow

regulators. The gas mix is transported through the polarization chamber and ultimately to the

sample. The polarizer also operates the chamber, sustaining the right conditions for stable and

continuous xenon polarization. Xenon is hyperpolarized in the chamber by spin exchange optical

pumping (SEOP). figure 6.13 B , reprinted from ref. [74], outlines the basic process of SEOP: In

the initial step, circularly polarized light is produced, in order to deliver the appropriate photons

to a cloud of alkali metal vapour. In the Leipnix polarizer, rubidium is the alkali metal of choice.

Maintaining the right conditions around this cloud is essential for the polarization efficiency, but

not quite straightforward. These conditions and the technical details for maintaining them are

explained briefly and concisely in ref [74], and in detail in ref. [86]. The second step is achieving

rubidium electron polarization with LASER irradiation in the rubidium cloud, whilst maintaining

the aforementioned conditions. In the third and final step, the electron polarization is transferred

from rubidium onto xenon as nuclear spin polarization by flip-flop processes during collisions of

rubidium and xenon atoms. The gas mix with the polarized xenon is continuously transported to

the sample in the phantom through PFA tubing. The entire system is under 3.5 bar overpressure.
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A

B C

polarization
chamber

Figure 6.13: A: Polarizer flow scheme and structure, reprinted with permission from ref. [49].
B: Scheme of SEOP, adapted from ref. [74].
C: Photograph of the Leipnix polarizer.
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The sample is provided semi-continuously with HP-129Xe by bubbling through glass capillaries

(polymicro). To sample the Xe@solution signal correctly and without artifacts from gas bubbles,

it must be acquired in intervals between xenon deliveries. Those intervals and the deliveries are set

with the DASYLAB13 based user interface. As the polarization is destroyed with every saturation

pulse, new HP-129Xe is administered after each saturation pulse, so that the Xe@solution signal is

reconstituted. The phantom is a 10mm NMR tube with a bypass fused to its upper shaft. Both

ends can be closed air tight with screw caps. The bypass functions as an exit for the gas, while

the top of the tube is an entrance for gas. Five fused silica glass capillaries (diameter 0.25 mm,

polymicro) transport the gas through the septum and into the liquid sample on the bottom of the

tube. From there, gas bubbles travel up through the sample, exchanging with the liquid sample

across the bubble surface. Depending on the sample, foam may form in the head-space of the tube

and deteriorate the Xe@solution signal or generate a gaseous Xe signal, or both. After bubbling,

the sample is enriched with dissolved gas xenon. As soon as all bubbles are collapsed (a time delay

is set in the user interface), this can be measured. The Spectrometer is an AV-400 from Bruker,

with a magnetic field strength of 9.4T, and a center frequency of 400MHz, respectively. The strong

magnetic field is provided by a superconducting coil, which is cooled by vessels of liquid Helium and

Nitrogen, concentrically surrounding it. It has a 25 mm bore, into which a 10mm RF coil is inserted

for the experiments of this study. The coil is a dual-channel coil, with one channel for proton and

another for xenon measurements. The coil emits radio frequency (RF) pulses and measures free

induction decay (FID). A typical measurement of a Z -spectrum in this study is set up as follows:

The sample is connected to the PFA tubing, placed inside the magnet bore and pressurized carefully.

Polarizer boot-up is done carefully, stable temperatures in the polarization chamber are ensured.

The temperature in the center needs to be highest, and the temperature in the front needs to be

lowest to ensure the right position of the Rb cloud. Meanwhile, the coils are adjusted, using a

predefined standard shim procedure in topspin or Paravision. The Xe coil is tuned, which is called

wobbling. The Xe@solution signal is measured with direct Xe spectroscopy, using topspin (for

details, see the topspin manual). This initial signal is documented for maintenance. Occasionally,

the position of the phantom is observed by acquiring an 1H MR image, using ParaVision (for

details, see the ParaVision manual). In case of foaming or positioning issues, the sample needs

to be removed from the magnet and re-positioned. Shimming and wobbling need to be repeated.

The temperature of the sample should be constant throughout the measurement. The Xe@solution

signal is set as center frequency for the Z spectrum. The frequency list is set, as well as the receiver

gain, number of averages per acquisition, bubbling times and intervals, saturation pulse length and
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duration. All these parameters are set using the ParaVision interface. After setting the parameters,

the Z spectrum can be acquired, frequency by frequency.

6.5.2 Software

• The polarizer was run using DASYLab13 with a code written by several members of the

group. This script also coordinates the spectrometer activities, e.g. saturation pulse, with

the polarizer activities, e.g. bubbling times and intervals.

• The spectrometer is operated using topspin and ParaVision 6.1 and 4 (Bruker). The Data

acquisition was done with topspin.

• The visualization of the data was done with a python code written using Ipython note-

book/JuPyter. Later, a comprehensive GUI (graphical user interface) was built based on

this code by Dr.P.Schünke, which was used for all later data visualizations, also HP-Xe MR

images.

• For all biophysical analyses, the pre-installed software of the device manufacturer was used

for data acquisition. Data was visualized using OriginLab and Excel.

6.5.3 Sample Preparation Material for Xenon Hyper CEST NMR

The Samples for Xenon NMR were prepared of the components described earlier and listed below,

in 2.0 mL eppendorf tubes.

• Buffer Solution

• Calmodulin from concentrated stock solution (250 μM)

• Cryptophane-peptide from concentrated stock solution (500 μM)

• Pluronic (antifoaming agent, 0.1 vol.-%)

After thorough mixing of all components, 1.5 mL were transferred into the glass phantom for NMR.

The phantom (fig. 6.14) is made of thick-walled NMR glass tubes (Wilmad) with 10mm outer

diameter, fused to two screw capped ends: a supply and a bypass, as shown in fig. 6.14.

The screw caps conntect the glass construction with the PFA tubing, through which the gas mix

is supplied. The top screw cap has inside a capillary holder, which is a plastic piece pierced with

five coated fused silica glass capillaries (Polymicro/molex), through which the xenon gas mix is
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supplybypass

PFA tubing

Figure 6.14: The modified NMR tube called the phantom. With an 5mm NMR tube inserted, it is
a 2-compartment phantom.
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supplied. As the entire polarizer is under 3.5 bar overpressure, the phantom also must be gas tight,

and able to withstand this pressure, including occasional sudden pressure drops and surges.

To extend the construction to a two-compartment phantom, a smaller (0.5cm outer diameter) NMR

glass tube (Wilmad) is inserted into the phantom, as shown in grey in fig. 6.14. Two capillaries

are inserted in the inner compartment.

The setup is also described by Kunth and Doepfert [44] in the supplementary figure S2, and in the

dissertation of Kunth [43], in Figure 4.2 on pg. 77. A very similar setup is also neatly described by

lakshmanan [49].

6.6 Biophysical Measurements

6.6.1 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is used to measure the size of molecules via the influence of their

motion on their light scattering pattern across time. This analysis is also known as Photon Corre-

lation Spectroscopy(PCS). When a monodisperse (with only one kind of molecule or nanoparticle)

sample is illuminated, light is scattered. All particles in the sample refract light in all directions.

The scattered light forms a pattern of dark (destructive interference) and light (constructive inter-

ference) speckles. The intensity of each speckle over time reveals information about the molecular

movement by way the light is scattered. The correlation between the initial state and the state

after a time delay depends on the molecular (predominantly brownian) movement, whose close re-

lation to the molecular size is described by the Stokes-Einstein equation. Dynamic light scattering

spectra were measured with a Zetasizer nano ZS device (Malvern). Data was collected and pro-

cessed with the manufacturer’s software, uses inbuilt algorithms to extract an intensity distribution

from the correlation data. Samples were prepared in aqueous solution, and homogenized previous

to measurement. The sample contained 100μM of each fluorescent peptide (M13-CrA and RS20-

CrA) in deionized water, 2 vol.-% DMSO. It was made in an 1,5mL eppendorf tube and the small

amount needed was transferred directly into a low volume glass cuvette (hellma), which was placed

in the Zetasizer with the appropriate spacers, into a fixed position. Expecting micelle formation,

a pre-established standard operating protocol(SOP) for micelle forming molecules was used: SOP

Mizellen kleine Kuevette 1x5 wdh.sop. Blank measurements were conducted with pure water. The

measurements on the Zetasizer were carried out following the Zetasizer Manual, pg. 4-2.
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6.6.2 Cirular Dichroism

To measure circular dichroism, a substance needs to be optically active. Optical activity is the

ability of a substance to rotate the plane of plane polarized light. This property can be used to

deduce many properties and structural features of a molecule. Light as an electromagnetic wave

contains electrical and magnetic field components, that vibrate perpendicularly to the propagation

of the light beam [36]. When light is plane polarized, the vibrations are restricted to a plane. When

it is circularly polarized, the vibrational plane is rotating, and the rotation can proceed in either

direction. There is a difference between the extinction (expressed by the molar extinction coefficient

ϵ) of left-rotating and right-rotating circularly polarized light in an optically active sample, which

transforms circularly polarized light into elliptically polarized light, when it passes through the

sample. The difference in extinction, δϵ and the ellipticity θ express this difference, and can be

easily interconverted: θ = 3.298δϵ. When either of these expressions is graphically plotted over the

wavelength, a CD spectrum is obtained.

Circular dichroism spectroscopy was performed using a J-720 Spectrometer (Jasco). Samples were

prepared in clear polypropylene cuvettes with 1cm path length. The following parameters were

preset using the Software Spectra Manager 1.54H (Jasco):

• wavelength range: 185-260 nm

• scanning mode: continuous

• scanning speed: 100 nm/min

• response time: 1 s

• bandwidth: 1 nm

• accumulations: 25

The peptide concentration was 50μM, and the samples were made in different solvent mixes: water

with 20% Trifluoroethanol (TFE, Sigma-Aldrich), water with 50% TFE and pure water. The use

of a buffer is arbitrary here, because this experiment is about one aspect of the peptide secondary

structure, which is not influenced by the buffer. This one aspect is the overall helicity.

The deconvolution of the CD spectrum and the helicity were calculated using an Excel sheet by

Dr. S. Klippel with macros after the method of Brahms & Brahms [12].
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Emission
Sample

Detection

Figure 6.15: The superposition of circularly polarized light in left and right rotation is plane polar-
ized light. Because of the difference in extinction between left and right rotation, this
is transformed into elliptically polarized light across the sample. This effect is used as
CD (circular dichroism) to measure molecule size.
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Figure 6.16: The incident plane polarized light, which excites the fluorophore, travels along the
x-axis and is spolarized along the z-axis. In the sample, the excited fluorophore un-
dergoes a rotation, so that at the time of emission, the emitting transition dipole µ
will differ from the absorbing one by the angles θ and ϕ. The emission behind the
sample is measured by the detector in two components: I∥ and I⊥, with respect to the
incident beam. Figure reprinted with permission from Serdyuk et al. [76]. Copyright:
Cambridge University Press.

6.6.3 Fluorescence Polarization

Fluorescence polarization (FP) was used to detect the molecular weight difference between two

molecules: a fluorescent probe and a non-fluorescent macromolecule bound to the probe. The

fluorophore in the probe can be excited by a photon at the excitation wavelength. The temporary

rearrangement of its electrons (excitation) is reversed by the emission of a photon. Note, that

polarization is, as always, a ratio, and thus dimensionless. When polarized light is used for the

excitation, the polarization is partly transmitted onto the emitted photon. How much polarization

is transmitted onto the photon, depends on how much rotation the fluorophore undergoes during

the fluorescence lifetime. When the sample is illuminated with a beam of plane-polarized exciting

light, it travels along the x-axis, polarised with the electric vector along the z-axis. The emitted

light is measured by two detectors in two components: I∥ and I⊥. The setup is depicted in fig.

6.16.

The measured polarization is calculated from the two components I∥ and I⊥:

P = I∥−I⊥
I∥+I⊥
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Figure 6.17: A free fluorescent probe (left) rotates much faster (at a sub-nanosecond frequency)
than when it is bound to a macromolecule (right). The measure for this is the rota-
tional correlation time τcor. The τcor of the free probe is so small, the polarization of
light is averaged and compensated by the rotation and lost. A large enough macro-
molecule, firmly bound to the probe, slows down the rotation, so that polarization
can be retained. Figure reprinted with permission from Serdyuk et al. [76]. Copyright:
Cambridge University Press.

Polarization is another expression of anisotropy, and thus a dimensionless ratio. It is often given

in mP, even by the devices and software used in this project, but the unit is arbitrary. In practice,

a correction factor G is introduced during measurement, to account for the sensitivity differences

in the detector system between the two different directions.

P = I∥−GI⊥
I∥+GI⊥

The correction factor G should be close to 1.

The polarization of the emitted photon depends on the angle (θ) between the absorbing and emitting

transition dipoles of the fluorophore [68]. The angle θ, which is depicted in fig. 6.16 depends on the

fluorophore’s molecular motion. Small molecules are constantly in rapid brownian motion, while

larger molecules experience slower molecular tumbling. Molecular movement can be approximated

by describing it as a kind of averaged rotation, schematically shown in 6.17. The measure for

this is the rotational correlation time τcor. For very small τcor, the polarization is lost, because

the molecule’s orientation is completely random at the time of fluorescence emission due to so

many rotations. For very large τcor, the molecule will not experience any notable rotation within

the fluorescence lifetime. Most biologically relevant molecules are between these extremes [76]. So,

firmly bound to a biological macromolecule, the probe will experience a much smaller rotation on

average, so that polarization can be retained.

The connection between the measured polarization and the molecular movement is made using the

Perrin equation, which shows the dependence of the anisotropy r(τF ) on the fluorescence lifetime

τF and the rotational correlation time τcor:
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r(τF ) = r0
1+ τF

τcor

The dependence on the orientation of the molecule via θ is within r0, the intrinsic anisotropy of

the molecule without movement:

r0 = 3cos2θ−1
5

Fluorescence polarization and anisotropy describe the same phenomenon, and can be easily inter-

converted , as described in [48]. The fluorescence polarization for rigid molecules is:

P0 = 3cos2θ−1
cos2θ+3

Steady state polarization, which is the assay used in this project, requires constant Illumination

with exciting light. When the rotational correlation time τcor is practically infinite, because the

system is rigid, P equals P0. For molecules that are actually moving, the steady state polarization,

derived from the Perrin equations, is:

P = 3
1+10(1+ τF

τcor
)(3cos2θ−1)−1

In this study, the FP measurements were conducted with a Tecan GENiosPro microplate reader,

and data was collected with the magellan software. 120μl of each sample were prepared in 1,5ml

Eppendorf tubes and then distributed into triplicates of 30μl each in black, round-bottom 348-

microwell plates (Corning, type 4514) with non-binding surface. All measurements were conducted

at ambient temperature. A fluorophore concentration of 100nM was used for all experiments. This

optimal concentration was determined before. The G factor was recalibrated for each measurement.

The fluorescence detector gain was set to 60 for all experiments. The sample compositions of the

different experiments are listed below:

1. Titration with CaM:

The buffer was 30mM MOPS, 100mM KCl, pH 7.2, and either 10mM EGTA or 10mM CaCl2.

Both buffers were supplemented with 100nM fluorescein-5-A- maleimide- labelled RS20-CrA.

A dilution row from a CaM stock solution ( 250μM ) was made once in each buffer. The

following CaM concentrations were used for FP samples: 10000, 1000, 100, 10, 1, 0.1, 0.01nM.

Controls without fluorophore and without CaM were made as well. Each sample was mixed

thoroughly by vortexing and distributed into triplicates of 30 μl on the microwell plate.

2. Titration with Calcium:
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The buffer was from the calcium calibration kit No.1 (ThermoFisher,C3008MP), with the

components: 30mM MOPS, 100mM KCl, pH 7.2, and 10mM either CaEGTA (calcium satu-

rated) or K2EGTA (calcium depleted). Ample supply of the two components for all samples

were supplemented with 100nM fluorescein-5-A- maleimide- labelled RS20-CrA and 100nM

(0.1 μM) CaM. The two buffer components were used as extreme ends of the titration. Mix-

tures of the two components were made to yield the following buffered free calcium concen-

trations: 0.1, 0.226, 0.602, 1.355, 1.731, 2.358, 3.612, 4.866, 7.375, 14.9, and 39 μM (calcium

saturated buffer).

Controls were: calcium saturated buffer with fluorophore only and without fluorophore, cal-

cium depleted buffer with fluorophore only and without fluorophore. Each sample was mixed

thoroughly by vortexing and distributed into triplicates on the microwell plate.

3. Test for aggregation: Samples were made in specially treated eppendorf tubes, with a non

binding surface, because the compounds are micelle-forming. It was observed via fluorescence

that all petides, es pecially the micelle forming ones, adhere to the walls of the tubes, and less

adhesion is observed for non binding surfaces. The concentrations were: 100nM fluorescent

p2fa2, and 10000, 5000, 2000, 1000, 100, 10, 1, 0.1 nM p2a2. Controls were: buffer only,

buffer with 100nM p2fa2.

Excel and Origin 2020 were used for further Data processing and visualization. The measured FP

P = I∥−GI⊥
I∥+GI⊥

Was plotted over

1. the peptide/CaM ratio

2. the Ca/CaM ratio

3. the ratio between fluorescent and non-fluorescent molecules

on a logarithmic (base 10) scale. A sigmoidal function was fitted to the Data wherever possible.

The sigmoidal transition is indicative for binding. The point of inflection marks the ratio of binding

partners, at which the binding reaction is the fastest. The amount and quality of the Data did not

allow any further or more concise deductions.
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