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Abstract
 Proteins are essential for all known forms of life and in many lethal diseasesprotein failure is the cause of the disease. To understand proteins and theprocesses they are involved in, it is valuable to know their structures aswell as their dynamics and interactions. The structures may not be directlyinspected because proteins are too small to be visible in a light microscope,which is why indirect methods such as nuclear magnetic resonance (NMR)spectroscopy have to be utilized. This method provides atomic informationabout the protein and, in contrast to other methods with similar resolution,the measurements are performed in solution resulting in more physiologicalconditions, enabling analysis of dynamics. Important dynamical processesare the ones on the millisecond timeframe, which may contribute to interac-tions of proteins and their catalysis of chemical reactions, both of significantvalue for the function of the proteins.
 To better understand proteins, not only do we need to study them, butalso develop the methods we are using. This thesis presents four papersabout improved NMR techniques as well as a fifth where the kinase domainof ephrinB receptor 2 (EphB2) has been studied regarding the importanceof millisecond dynamics and interactions for the activation process. Thefirst paper presents the software COMPASS, which combines statistics andthe calculation power of a computer with the flexibility and experience ofthe user to facilitate and speed up the process of assigning NMR signalsto the atoms in the protein. The computer program PINT has been devel-oped for easier and faster evaluation of NMR experiments, such as thosethat evaluate protein dynamics. It is especially helpful for NMR signalsthat are difficult to distinguish, so called overlapped peaks, and the soft-ware also converts the detected signals to the indirectly measured physicalquantities, such as relaxation rate constants, principal for dynamics. Nextare two new versions of the Carr-Purcell-Maiboom-Gill (CPMG) dispersionpulse sequences, designed to measure millisecond dynamics in a way so thatthe signals are more separated than in standard experiments, to reduceproblems with overlaps. To speed up the collection time of the data set, asubset is collected and the entire data set is then reconstructed, by multi-
 v
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dimensional decomposition co-processing. Described in the thesis is also away to produce suitably labeled proteins, to detect millisecond dynamics atCα positions in proteins, using the CPMG relaxation dispersion relaxationexperiment at lower protein concentrations. Lastly, the kinase domain ofEphB2 is shown to be more dynamic on the millisecond time scale as wellas more prone to interact with itself in the active form than in the inactiveone. This is important for the receptor function of the protein, when andhow it mediates signals.
 To conclude, this work has extended the possibilities to study proteindynamics by NMR spectroscopy and contributed to increased understandingof the activation process of EphB2 and its signaling mechanism.
 vi
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Populärvetenskapligsammanfattning
 Proteiner är livsviktiga i allt levande vi känner till. Vid många sjukdomar,som till exempel cancer, är det ofta på proteinnivå det blivit fel. För att för-stå proteiner och exempelvis kunna utveckla mediciner behöver man blandannat veta hur proteinerna ser ut men också hur de rör sig och intera-gerar. Enstaka proteiner är alldeles för små för att synas i ens det bästaljusmikroskop och indirekta metoder så som kärnmagnetisk resonansspekt-roskopi (NMR-spektroskopi) får istället användas. NMR-mätningar sker ilösning, till skillnad från andra metoder där information på atomnivå er-hålls. Detta innebär mer fysiologiska förhållanden och framförallt fördelarnär proteinets rörelser ska studeras. Av dessa rörelser sker några viktiga påmillisekundskalan, till exempel proteininteraktioner och proteinkatalys avkemiska reaktioner.
 Det räcker inte bara med att forska på proteinerna utan metoderna somanvänds för att studera dem måste också utvecklas och förfinas. Dennaavhandling presenterar metodutvecklande artiklar inom NMR-spektroskopitillsammans med en artikel där några av dessa metoder har använts för attundersöka dynamik och interaktioner hos kinasdomänen av ephrinB recep-tor 2 (EphB2). Först beskrivs ett datorprogram (PINT), där en specifikklass av NMR-experiment utvärderas så att problemen med signaler som ärsvåra att separera från varandra minskar. Dessutom omvandlar program-met de mätta parametrarna till de indirekta storheter man vill bestämma.Datorprogrammet COMPASS är ett interaktivt program som kombinerarstatistik och en dators räkneförmåga med flexibiliteten och erfarenhetenhos användaren till att förenkla tilldelandet av NMR-signalerna till ato-merna i proteinet. I avhandlingen redogörs också för ett experiment därmillisekunddynamik i proteiner studeras, så att signalerna separeras mer äni de experiment som tidigare gjorts. För att experimentet inte ska ta orim-ligt lång tid används en metod där inte alla experimentpunkter mäts, utanistället rekonstrueras i efterhand. Den sist presenterade metoden redogör för
 vii
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hur proteiner kan framställas för specifika millisekundsdynamikmätningarvid lägre proteinkoncentrationer. Slutligen beskrivs hur kinasdomänen avEphB2 blir mer dynamisk på millisekundskalan och lättare binder till sigsjälv när den aktiveras. Detta är viktigt för EphB2s receptorfunktion, detvill säga hur och när proteinet ska förmedla signaler.
 Sammanfattningsvis har detta arbete bidragit till att öka möjligheternaatt studera proteindynamik och dessutom medverkat till att utvidga förstå-elsen av hur EphB2 aktiveras och deltar i signalering.
 viii
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Chapter 1
 Proteins
 Proteins are versatile molecules that are present in all life forms. Theybuild up our muscles, hair and nails and also facilitate almost all processesin the body. They transport oxygen in our blood, send and receive signalsthroughout the body, copy and translate our DNA and assist in the sensingof our environment. They are involved in everything.
 1.1 Protein StructureProteins are polymers consisting of amino acids of which most species usetwenty different ones. The amino acids are connected through a peptidebond one after another, as beads on a string, and therefore proteins are alsocalled polypeptides. Figure 1.1 shows a schematic picture of a polypeptidechain composed of three amino acids from a protein. The nuclei denotationwill be used throughout this thesis. Usually what makes a protein functionalis the way the one dimensional bead string folds into a three-dimensionalstructure. The protein structure is divided into four levels. The primarystructure is the order in which the amino acid residues are linked together.The secondary structure for each residue is defined by two bond angles, ψand φ, in the polypeptide chain. The two major secondary structure ele-ments are α-helix, where the polypeptide chain is twisting around its ownaxis and β-sheet where the polypeptide moves back and forth in flat struc-tures. Other forms of distinct helices, sheets and turns, that link the sheets,also exist. Unfolded structures are called random coil, which may also some-what carelessly be denominated structures not well defined. For exampleson illustrations of these structures see figure 1.2. Tertiary structures arehow the secondary structure motifs are positioned relative each other andhere the connecting loops play very important roles. It is common that theactivity of a protein is positioned in the loops [1] and that the secondary
 1
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 Figure 1.1: Schematic picture of three amino acids in a polypep-tide chain. Rx indicates different side chains depending on the typeof residue. Hydrogen atoms are excluded for simplicity. The notationof the nuclei used in the picture are the conventional ones used in therest of the thesis.
 structure elements are the skeleton positioning the loops correctly. Qua-ternary structure is when the protein consists of many polypeptide chainsthat make up different subunits and how these are located relative eachother. A protein composed of two different polypeptide chains is called aheterodimer, whereas a homodimer has two copies of the same polypeptidechain. A protein with three peptide chains is named a trimer, and one withfour chains a tetramer. If it is known that the protein consists of multiplepolypeptide chains but it is unknown or undefined how many, the proteinmay be called an oligomer or a multimer.
 A) C)B)
 Figure 1.2: Cartoon representations of secondary structure elementsA) α-helix, B) β-sheet and C) random-coil.
 2
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1.
 1.2 Protein Dynamics
 Proteins are in constant movement. Free in solution they are tumblingaround their own axes and at the same time diffusing around in the solution.All atoms in the protein are also moving relative each other: stretching andbending the bonds between the atoms and sometimes more synchronizedmoving of a few residues or a whole domain simultaneously. The motionsof the protein are called protein dynamics and they occur on different timescales ranging from picoseconds to days or years. It has been more and moreobvious in the past decades that the dynamics are important for proteinbehavior. To understand protein function it is essential to not only studytheir structures but to also investigate their dynamics.
 1.2.1 Time Scales
 Different dynamical processes occur on different time scales and the timeconstant may reveal the type of process but also aids in choice of experi-mental setup. The time constant describes the average time between tworepetitions of a specific process, for example binding and release of a ligand.The time scale can also be specified as a rate, which instead would give howmany times per second the movement is repeated. For example a millisec-ond motion that has the time constant of 20 ms has the rate 50 s−1. Thesmallest motions are the fastest and these may report on how flexible differ-ent parts are relative each other. These motions are in the pico-nanosecondtime frame. The first and last couple of residues in a protein almost alwaysare more flexible than the rest but also loops are generally flexible. Mo-tions on the micro-millisecond time scale are usually larger conformationalchanges that require reorganization of residues or bonds. Example of pro-cesses that takes place on this time scale is ligand binding, protein-proteininteraction and enzymatic catalysis [2–5].
 1.2.2 Energy Landscapes
 The energy landscape describes the energy of every protein configuration.The structure of the protein is usually described by the protein configura-tion with the globally lowest energy, but it may also be kinetically drivenand therefore decided by a stable configuration that is fastest to form [6].The energy landscape also describes if the global minimum is smooth anddeep, the protein sample has one dominating configuration, or if the globalminimum are surrounded by local minima and the protein sample has an en-semble of different configuration states. Depending on the activation energybetween the states, which is the size of the barrier separating them, a singleprotein is trapped in one configuration (high barrier) or changes between
 3
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1.
 different configurations (low barrier). Whenever the system is changed,for example if the temperature is increased, the energy of the protein alsoincreases and the protein explores more of the energy landscape. The land-scape may also be changed, by for example adding a ligand or changing thebuffer. Some of the dynamical processes are small motions in the landscape,while others changes the protein more dramatically.
 1.2.3 Chemical ExchangeOne important dynamic process in the millisecond time scale is chemicalexchange, when a molecule undergoes a process that changes its chemicalshifts (described in 3.1.2). Most important for this thesis are conformationalexchange [2], where the protein undergoes structural reorganization, and theexchange process between free protein and protein bound to ligand [7]. Thefirst process may be described by the equilibrium reaction
 [P ] [P ∗] (1.1)
 where [P ] is the concentration of protein in its ground state and [P ∗] is theconcentration of the protein in the excited state. The ground state is themost thermodynamically stable conformation of the protein and the excitedstate is the conformationally changed protein, which has higher energy. Thesecond process may be described by the equilibrium equation
 [P ] + [L] [PL] (1.2)
 where [P ] is the concentration of free protein, [L] is the concentration offree ligand, which may be a small molecule, another protein or the proteinitself, and [PL] is the concentration of ligand bound to protein.
 1.3 EnzymesAs previously mentioned proteins have many different functions but mostrelevant for this thesis are enzymes and receptors. Enzymes are macro-molecular catalysts, mostly of them proteins. They speed up the reactiontime of chemical reactions, by lowering the activation energy [8], which isessential to sustain life. It is common with enzymatic rate enhancement of1010−1023 times [9]. As all catalysts they are not consumed by the reactionthey catalyze.
 1.3.1 KinasesKinases are proteins that catalyze the phosphorylation of other proteins.Phosphorylation is extensively used as signal regulation in the eukaryotic
 4
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1.
 cell [10] and the human genome codes for over 500 different kinases, corre-sponding to approximately 2% of all human genes [11]. The kinases haveevolved to be not as catalytically efficient as possible but to be easily andprecisely regulated [12]. The process of phosphorylating a protein involvesthe transfer of a phosphate group from adenosine triphosphate (ATP) toa hydroxyl group on the target protein. The kinases are divided into ser-ine/threonine, histidine and tyrosine kinases depending on the phospho-rylated residue on the substrate. All kinases use one or two Mg2+ ionsas cofactor, facilitating catalysis. The structure of the kinase domain isconserved between kinases, probably due to the conserved catalyzing pro-cesses [13], but normally there are domains other than the kinase domainthat are very different. The kinase domain consists of two lobes: the N-lobe and the C-lobe separated by the catalytic cleft in-between. The kinasedomain of the kinase with most published structures is illustrated in figure1.3. The N-lobe consists of a twisted antiparallel β-sheet, one longer α-helix, loops and smaller structure elements. The C-lobe is mostly α-helicalwith a small β-sheet. A few different structure elements have been shownto be especially important for the kinase activity. Located in the N-lobe
 Catalytic cleft
 Helix αC
 Figure 1.3: A cartoon picture of one of the crystal structure of theCDK2 kinase (PDB:ID 4EK3), the kinase with most published struc-tures. At the top is the N-lobe and the C-lobe is at the bottom. Indi-cated in the picture are also the catalytic cleft and the allosteric impor-tant structure helix αC. The activation segment is colored black.
 5

Page 22
						

1.
 are; the highly dynamic allosteric regulator, the helix αC and the flexibleglycine rich loop, which helps to correctly position ATP. In the C-lobe; theactivation segment, the catalytic loop with much of the catalytic machinery,the p+1 loop and helix F, are located. Connecting the two lobes are twohydrophobic spines, structures not connected in the primary sequence buthydrophobic clusters that introduce the possibility for dynamic regulation.The regulatory spine, which needs to be assembled in all active kinases,connects helix αC to helix F. The catalytic spine that is completed by theadenosine ring in ATP starts in the twisted β-sheet and is also anchored tothe helix F [14]. A thorough review of how kinases are regulated is writtenby Taylor and Kornev [12].
 1.4 Receptors
 Receptors are proteins, which sense a signal, normally by binding a moleculecalled the ligand, and then mediating the signal over the cell membrane intothe cell. The signal usually results in some kind of cell response for exampleglucose uptake.
 1.4.1 Eph Receptors and Ephrins
 The Eph receptors are the largest group of receptor tyrosine kinases (RTKs).The ligand to the Eph receptor is the ephrin, another protein bound to themembrane of another cell. The connection to the cell membrane makesthe protein-protein interaction only possible when cells are in close proxim-ity. The Eph receptor and the ephrins are involved in many complicatedprocesses during development of new individuals and in the adult. TheEph/ephrin system is involved in for example formation of synaptic connec-tions between neurons, blood vessel and bone remodeling, immune functionand stem cell self-renewal [15,16]. The Eph receptors and the ephrins havebeen shown to be involved in various cancer forms [17] and in neurodegener-ative diseases such as Alzheimer’s disease [18]. The ephrins are divided intotwo groups, ephrin A’s that are linked to the cell membrane by a glycophos-phatidylinositol anchor and ephrin B’s that have a transmembrane segmentand a small cytosolic domain with a PDZ binding motif. The Eph receptorsare also grouped into A or B receptors depending on whether they prefer-ably bind to ephrinA’s or ephrinB’s. The Eph receptor consists of an ephrinbinding domain, a cysteine rich region, two fibronection type III repeats, asingle membrane spanning segment, a juxtamembrane segment (JMS), thecatalytically active kinase domain (KD), a SAM domain and a PDZ bindingmotif (figure 1.4). When the Eph receptor binds the ephrin, the Eph re-ceptor multimerizes; the intracellular domains gets autophosphorylated on
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 multiple sites and the receptor is activated [19]. The Eph receptors differsfrom most RTKs by their way of not only sending signals into the receptorcell but also the other way around into the ephrin expressing cell. This iscalled bidirectional signaling.
 Figure 1.4: Schematic picture of the Eph receptor and the ephrins.Top left in the left panel is an ephrinA, top right is an ephrinB. The Ephreceptor is positioned at the bottom. Blue is the ephrin binding domain,brown is two fibronection type III repeats, red is the juxtamembranesegment, green is the kinase domain, purple is a SAM domain and greyis a PDZ binding motif. Upon interaction between the Eph receptor andthe ephrin the Eph receptor multimerizes, the intracellular domains getautophosphorylated on multiple sites and the receptor is activated.
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Chapter 2
 Studying Proteins
 The characteristics of a protein is dependent of numerous properties suchas in what type of cells, when and to what extent it is present, whichother proteins or molecules it interacts with, the structure of the protein,its dynamics, its stability and so on. There are almost as many techniquesto study proteins with, as there are questions to ask about them. Thefoci of this thesis are protein structure, dynamics and interactions and thetechniques described in this chapter are the ones used to investigate theseproperties.
 2.1 Structural BiologyStructural biology is the scientific study of the three-dimensional structuresof macromolecules. The structure is defined by the relative position of thedifferent atoms of the macromolecule. The problem with single proteinsis that they are so small that they will not be visible in a light micro-scope hence other tricks are needed to reveal their structure. Techniquessuch as cryo-electron microscopy and small angle X-ray scattering give low-resolution information. For high resolution structures there are two maintechniques present, X-ray crystallography and nuclear magnetic resonance(NMR) spectroscopy.
 2.1.1 X-ray CrystallographyX-ray crystallography is based on the phenomenon of diffraction, wherethousands of atoms, in proteins ordered into crystals, build up planes thatmake the X-ray beam divide in a well-defined diffraction pattern. Theconditions for protein crystallization are often difficult to find and a lotof time is spent on the process of retrieving a good quality crystal. The
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2.
 first high-resolution structure was determined by X-ray crystallography [20]and it is still the most productive way to obtain high-resolution structures.There is no real upper limit for the size of the protein, but some proteins,such as membrane proteins and proteins with a lot of intrinsic flexibility,are complicated to crystallize although progress has been made [21]. For amore thorough introduction to X-ray crystallography, Crystallography madeCrystal Clear by Gale Rhodes [22] is recommended.
 2.1.2 Nuclear Magnetic Resonance Spectroscopy
 NMR spectroscopy is based on the fact that some atomic nuclei have aproperty called nuclear spin. This property makes the nuclei act as tinymagnets. By inserting these tiny magnets in a large magnetic field, theNMR spectrometer, it is possible to get information about how they inter-act. This information can be transferred to atomic level information be-cause in a protein, every nucleus generates a unique signal. One advantageof NMR spectroscopy is that the measurements can be performed in solu-tion, making it a physiological structural biology method and enabling thestudy of protein dynamics. The measurement is also non-destructive andif the protein is stable at the temperature at which the measurements areperformed the sample may be used and reused for years. The drawbacks ofNMR spectroscopy is the low sensitivity, which results in long experimentaltimes, the need for highly concentrated samples that may be complicatedto produce and problems associated with conducting experiments on largeproteins. NMR spectroscopy is the main technique of this thesis and willbe further described in chapter 3.
 2.2 Analytical Ultracentrifugation
 Analytical ultracentrifugation (AUC) is a method to determine molecu-lar weight, as well as hydrodynamic and thermodynamic properties. Themethod is based on the fact that the size of a molecule determines howmuch it will be influenced by a gravitation force field. The field is producedby rotating the sample very quickly and by detecting where in the samplechamber the molecule is, it is possible to determine its size. In this thesis themethod has been applied to determine how high concentration of differentforms of the kinase domain of EphB2 is needed to make it bind to itself. Alltheory and equations in the following section derive from Introduction toAnalytical Ultracentrifugation by Greg Ralston [23], unless otherwise noted.
 There are three forces acting on a particle suspended in a solvent. Thegravitational force, Fs, is proportional to the mass of the particle and theacceleration. In a spinning rotor the acceleration is determined by the dis-
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 tance from the rotational origin, r, and the angular velocity, ω, by
 Fs = mω2r =M
 Nω2r (2.1)
 where m is the mass, M is the molecular mass and N is the Avogadroconstant. The second force is the buoyant force, Fb, equal to the displacedweight of the fluid according to
 Fb = −m0ω2r = −mνρω2r = −M
 Nνρω2r (2.2)
 where ν is the partial specific volume, the volume that each gram of thesolute occupies, and ρ is the density of the solvent. If the density of theparticle is larger than that of the solvent the particle will start to sediment.The velocity of the particle, u, will increase because the radial distanceincreases. The last force is the friction force, Ff , between the particle andthe solution, related to the velocity by
 Ff = −fu (2.3)
 where f is the frictional coefficient that is dependent on the shape and sizeof the particle. Smooth, compact and spherical particles experience lessfriction than elongated bulky ones. Figure 2.1 summarizes the forces actingon the particle.
 Normally within microseconds the forces are in balance and
 Fs + Fb + Ff = 0. (2.4)
 By collecting the terms connected to particle size on one side and thoseterms connected to the experimental conditions on the other side the result
 mu
 Ff
 Fb
 Fs
 Figure 2.1: The forces acting on a particle with mass m in a gravita-tional field: the frictional force, Ff , the buoyant force, Fb and the grav-itational force, Fs. u is the constant speed of the rotation. (Adoptedfrom [23].)
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 isM(1− νρ)
 Nf=
 u
 ω2r≡ s (2.5)
 where s is called the sedimentation coefficient. When the process of sed-imentation carries on the particles end up in the bottom of the samplechamber. The diffusion process starts to work in the opposite direction andafter a sufficient time has elapsed the system is in sedimentation equilibrium(SE).
 The AUC experiments in this thesis were performed at conditions of SE.The measured property was the absorbance, aλ. Proteins at SE may beassumed to follow Boltzmann distribution, which gives the correlation
 aλ(r) = c1,0ελd exp
 [M1(1− νρ)
 ω2(r2 − r20)
 2RT
 ](2.6)
 where r is the distance from the rotational center, c1,0 is the molar concen-tration a monomer, ελ is the extinction coefficient for a monomer, d is thepath length of the sample cell, M1 is the molecular weight of the monomer,r0 is the distance from the rotational center to the start of the sample cell,R is the molar gas constant and T the absolute solute temperature [24]. SEexperiments are performed at different velocities and all velocities are fit-ted simultaneously to find the molecular mass that best fits the data. If themolecular mass is much higher than expected it is reasonable to assume thatoligomerization is taking place. The molecular weight is then held constantand the data is instead fitted to the following equation
 aλ(r) = c1,0ελd exp
 [M1(1− νρ)
 ω2(r2 − r20)
 2RT
 ]+ 2ελdK12(c1,0)2 exp
 [2M1(1− νρ)
 ω2(r2 − r20)
 2RT
 ](2.7)
 where K12 is the equilibrium constant between monomer and dimer [24].In the case of the kinase domain of EphB2 (described in Paper V) themonomer-dimer model was not sufficient to explain all of our data anda monomer-dimer-tetramer model was used represented by the followingequation
 aλ(r) = c1,0ελd exp
 [M1(1− νρ)
 ω2(r2 − r20)
 2RT
 ]+ 2ελdK12(c1,0)2 exp
 [2M1(1− νρ)
 ω2(r2 − r20)
 2RT
 ]+ 4ελdK14(c1,0)4 exp
 [4M1(1− νρ)
 ω2(r2 − r20)
 2RT
 ](2.8)
 where K14 is the equilibrium constant between monomer and tetramer [24].
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Chapter 3
 Nuclear MagneticResonance Spectroscopy
 There are two main subdivisions of NMR spectroscopy, solution state andsolid state. Solid state NMR is performed in media with low mobility. Thisexperimental setup benefits membrane proteins and protein aggregates notsuitable for solution state NMR. However, the reduced mobility also re-duces the possibility to study properties such as protein dynamics, whichinstead is an excellent subject for solution state NMR. This thesis will hence-forward only cover solution state NMR spectroscopy, referred to as NMRspectroscopy and the main focus is its application to proteins. The theorybehind NMR is described in many textbooks, for example Spin Dynamics byMalcolm Levitt [25], Nuclear Magnetic Resonance and Relaxation by BrianCowan [26] and Protein NMR Spectroscopy by John Cavanagh et al. [27]that are the main sources for this chapter.
 3.1 Fundamentals of NMR Spectroscopy
 As already mentioned, the phenomenon NMR is built upon is the nuclearspin and its magnetic moment. The spin is quantized and the nuclear spinquantum number is conventionally denoted I. Not all nuclei have a spinquantum number separate from zero but the, for protein NMR important,isotopes 1H, 13C and 15N all have I = 1/2. A nuclear state with spin I is(2I+1)-fold degenerated, specified by the quantum number m. A magneticfield breaks this degeneracy and results in a Zeeman nuclear splitting. Theenergy steps between these levels correspond to the energy of radio frequency(r.f.) waves and NMR spectroscopy manipulates the spins by r.f. pulses anddetects the spins changing between the different nuclear Zeeman sub levels.
 13

Page 30
						

3.
 The selection rule for detecting the NMR signal is that ∆m is ±1.
 3.1.1 Larmor Frequency
 The magnetic moment, µ, is proportional to the spin angular momentum,S, that indicates the axis of rotational motion related as
 µ = γS (3.1)
 where γ is the gyromagnetic ratio, specific for every isotope, and the ’hat’indicates quantum mechanical operators. Because of the spin angular mo-mentum, spins placed in an external magnetic field will precess around theexternal field, with constant angle and frequency, ω0, also called the Larmorfrequency given by
 ω0 = −γB0 (3.2)
 where B0 is the magnetic field. In absence of an external magnetic field,the distribution of the spin angular momenta is totally isotropic, but inthe external magnetic field the energy of the spins will be different depend-ing on the orientation. Because of tiny fluctuations in the local magneticfield, experienced by each spin, the spin angular momenta are constantlychanging direction and will sample all possible orientations with a slighttendency to sample a less energetic orientation. This results in a some-what anisotropic distribution where the system is stable but not static at astate called the thermal equilibrium with a resulting macroscopic magneticmoment, possible to manipulate by r.f. pulses.
 3.1.2 Chemical Shifts
 The external magnetic field that the NMR sample experiences is designedto be as uniform as possible. However, even if the spectrometer magnet isperfect the sample itself will interact with the magnetic field and slightlyalter the local magnetic fields that the different nuclei experience. Thisresults in different Larmor frequencies, called chemical shifts, for differentnuclei of the same species. The chemical shifts contain valuable informationthat help distinguishing between different chemical groups such as the 13Cin a carbonyl group and that of the Cα position, but also between Cα’s indifferent residue types such as glycine and serine as well as indicating thesecondary structure of that residue [28]. Recently it has been discoveredthat it is possible to determine the structure of a protein with the chemicalshifts as the sole constraints [29,30].
 The chemical shifts originate from the external magnetic field influencingthe electrons surrounding the nuclei to circulate, which consequently induces
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3.
 a magnetic field. The local field, Bjloc, that the nucleus j experiences is thesum of the external field, B0, and the induced field, Bjind.
 Bjloc = B0 +Bjind (3.3)
 The chemical shift is well correlated with electronegativity of adjacent atoms.Neighboring three-dimensional structures such as benzene rings will influ-ence the local fields depending of the orientation and proximity of the ringrelative to the nucleus.
 The chemical shift is related to the specific Larmor frequency as
 δ =ω − ωref
 ωref× 106 ppm (3.4)
 where ω is the Larmor frequency of the particular nucleus and ωref is theLarmor frequency of the same isotope in the reference compound. In proteinNMR experiments the methyl 1H in 2,2-dimethyl-2-silapentane-5-sulfonicacid (DSS) is used as reference for the proton. DSS may be added to thesample but often referencing is performed by measuring the frequency ofwater and then the theoretical chemical shift of water is calculated relativeto DSS at the current temperature. Multiplying isotope specific constantsto the frequency of the proton then references other isotopes.
 3.1.3 NMR Experiments
 NMR experiments build on manipulation of the net magnetic moment andsubsequent detection of the voltage the magnetic moments induce in theprobe. The simplest NMR experiment consists of; the preparation step,
 Time
 π2
 I II III
 Figure 3.1: A representation of a simple pulse sequence with I, timefor thermal equilibrium to be recovered, II, one π
 2-pulse that disturbs
 the thermal equilibrium and III, the acquisition of the FID.
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3.
 Figure 3.2: The simulated 1H spectrum of ethanol (adopted from [25]).The splitting of the signal originates from the scalar coupling describedin 3.1.4.
 a single pulse disturbing the equilibrium and acquisition, detection of thesignal. The acquired signal is called the FID (free induction decay), adecaying signal labeled with all the frequencies of the spins present in thesample. The properties of an experiment are defined in a pulse sequence.Figure 3.1 shows a representation of a simple pulse sequence. By alteringthe number and properties of the pulses and the delays in-between theexperiment is modified. To increase sensitivity, the pulse sequence is usuallyrepeated multiple times because the NMR signal to noise ratio scales with√n, for n repetitions of the pulse sequence. Another reason to repeat the
 pulse sequence is that by changing the phases of certain pulses in-betweenthe repetitions, called phase cycling, artifacts originating from imperfectionsin the spectrometer, may be reduced.
 The NMR Spectrum
 For simpler interpretation, the FID is converted from the time dimensionto the frequency dimension normally by Fourier transformation. The datais referenced using the chemical shift method described in equation 3.4 andthe result is a spectrum where all frequencies prominently present in theFID ends up as peaks. In figure 3.2 a one-dimensional spectrum of ethanolis shown. For proteins, the resolution of the one-dimensional spectrum isgenerally to low to draw any advanced conclusions. An example of a one-dimensional spectrum of the kinase domain of EphB2 is shown in figure3.3.
 3.1.4 Spin Interactions
 Spin interactions are direct or indirect couplings between spins that causefor example; the splitting of the peaks seen in figure 3.2, the possibilityto transfer magnetization between nuclei and relaxation (further described
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 Figure 3.3: 1H spectrum of the amide region of the kinase domain ofEphB2.
 in 3.2). There are five different types of spin interactions that may causerelaxation (cf.):
 1. direct dipole-dipole interaction
 2. scalar couplings
 3. chemical shift anisotropy
 4. quadrupolar interactions
 5. spin-rotation interaction
 of which the first three are important for spin I = 1/2 nuclei in isotropicliquids. In anisotropic liquids the orientations of the molecules are notequally probable and that will influence some of the interactions.
 Direct Dipole-Dipole Interaction
 Each precessing nucleus is a magnetic dipole not only responding to externalmagnetic fields but it is itself the source of a field. Direct dipole-dipole inter-actions are, as the name implies, direct interactions between these dipolesmediated through space. If vibrational motions are ignored the dipole-dipolecoupling constant is
 b = −µ0
 4π
 hγ1γ2r3
 (3.5)
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 where µ0 is the permeability constant, h the reduced Planck constant, γ1and γ2 the gyromagnetic ratio of the two interacting spins and r the dis-tance between the spins. In isotropic liquids the dipole-dipole couplingsare not the origin of any signal splitting. The probability of a transitionthat will result in relaxation is proportional to the square of the dipole-dipole coupling and therefore the inverse sixth of the distance between thespins, which is used in the nuclear Overhauser enhancement spectroscopy(NOESY) experiment. This can be used for structure calculations.
 Scalar Couplings
 Scalar couplings are also called indirect dipole-dipole, spin-spin or J-cou-plings. An 1H nucleus, bound to a 13C nucleus, will magnetize the electronsin the bond, generating a field that the 13C spin will experience and at thesame time the 13C spin will influence the 1H spin. For qualitative molecularstructural information, the J-coupling is very important, however in proteinNMR spectroscopy the splitting of the signal intensity into multiple, low in-tensity, less discernable peaks, results in data that is difficult to interpret.The scalar coupling may however be eliminated by continuously applying,radio frequency pulses corresponding to the Larmor frequency of the 13Cspin and the 1H spin will behave as if the scalar coupling does not exist.This is called heteronuclear decoupling. In protein NMR spectroscopy thescalar coupling is mostly utilized for transferring magnetization between nu-clei, which allows multidimensional experiments to be conducted (describedin 3.1.5).
 Chemical Shift Anisotropy
 Chemical shifts, described in 3.1.2 are more complicated than just a constantand are more accurately described by the chemical shift tensor, δj . Theinduced field for nucleus j may be approximated to a linear dependency ofthe external field by
 Bjind = δjB0. (3.6)
 The chemical shift anisotropy (CSA) originates from the fact that δj almostalways is anisotropic. The chemical shift anisotropy, δjaniso, is the largestdeviation of the chemical shift tensor from the isotropic value, δjiso
 δjaniso = δjZZ − δjiso (3.7)
 where the ZZ axis is assigned to the axis of the chemical shift tensor thatgives the largest value of δjaniso. The consequence of the anisotropic chemicalshift is that the local magnetic field will change orientation as the moleculerotates in solution, which does not result in signal splitting in liquids, be-cause of the fast rotation, but is a source of relaxation. Relaxation by CSA
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3.
 is most important for nuclei with large chemical shift ranges and the CSArelaxation constant has a quadratic relationship to the external magneticfield. This gives noticeable effect for example for the carbonyl carbon, forwhich it is not always efficient to conduct experiments at higher fields toincrease sensitivity.
 Quadrupolar Interactions
 Quadrupolar interactions are the electrical interactions of spin I > 1/2 withthe electrical field generated by the electrons surrounding the nuclei. Thesenuclei have a charge distribution that is asymmetric and therefore the elec-tric field it induces changes when the nuclei rotate. The quadrupolar mo-ment describes how far from spherical symmetry the nuclear charge distri-bution is. The spins most important for this thesis have spin I = 1/2 forwhich there is no quadrupolar moment and hence no quadrupolar coupling.However, for nuclei with spins I > 1/2, for example 2H, the quadrupolarrelaxation mechanism is the overall dominant source of relaxation.
 Spin-Rotation Interaction
 Spin-rotation interactions are interactions of magnetic fields, generated bythe rotating molecule, with the nuclear spins. The interaction is onlymarginally important in solution state NMR but has major effect on re-laxation in the gas phase.
 Time
 π2 x
 I II III
 ( )π2 x( )
 IV
 Figure 3.4: The first two-dimensional NMR experiment described, theCOSY pulse sequence. I, time for thermal equilibrium to be recovered,II, one π/2 pulse that disturbs the thermal equilibrium, III, the t1 evo-lution period as well as the transfer period, IV, the acquisition of theFID.
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 3.1.5 Multidimensional Experiments
 To resolve the NMR signals, for complex molecules such as proteins, andto establish connections between signals, multidimensional experiments areused. These involve time intervals, called mixing periods, where magneti-zation is transferred between nuclei, and intervals, called evolution periods,where the signal is labeled with the frequencies of the different nuclei. Theexperiment ends with the evolution period of the direct dimension. If thesignal is labeled with two chemical shifts the transformed spectrum willresult in a two-dimensional spectrum. To be able to label the signal withdifferent chemical shifts in the indirect dimension, the pulse sequence isrepeated multiple times with increasing length of the indirect evolution pe-riod. The pulse sequence for the first two-dimensional experiment described,the COSY experiment, is shown in figure 3.4 [31]. The COSY experimentcorrelates coupled protons, in proteins separated by two or three bonds.
 3.1.6 Heteronuclear Experiments
 In heteronuclear experiments, the individual nuclei the magnetization istransferred between are of different kinds. One of the most common proteinexperiments is the heteronuclear single-quantum coherence (HSQC) experi-ment or the transverse relaxation optimized spectroscopy (TROSY) variant
 ta
 y
 ta
 g1 g1
 ta
 g5 g5 g6
 f1
 g2 g3
 1H
 15N
 13C
 G
 f2-xy
 ta
 g4 g4g3
 f3
 f4
 τ1
 ta ta
 Figure 3.5: An example of a TROSY based HSQC example that hasbeen used on the kinase domain of EphB2. Four different channels, 1H,13C, 15N and the gradient channels are shown. Narrow bars indicatehard π/2-pulses, broad bars hard π-pulses and shaped bars are shapedpulses. The phase of the pulse is x if nothing else is indicated. fxindicates that the pulse is phase cycled. τ1 is the evolution period on15N and ta is 1/4JHN .
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 (described in 3.4.1), where the NMR signal is labeled with the chemicalshifts of two covalently linked nuclei. This is normally used as a finger-print of the protein to check that the state of the protein is satisfactory.Higher dimensional experiments and relaxation experiments are often builton the HSQC experiment. One TROSY pulse sequence is shown in figure3.5. The experiment has been conducted on the kinase domain of EphB2and when transformed the spectrum looks like in figure 3.6. Because this isa two-dimensional spectrum the intensities of the peaks are indicated withaltitude lines. In comparison with figure 3.3 the individual peaks are muchmore easily distinguished in this spectrum. Heteronuclear experiments gen-erally starts and ends with the magnetization on the proton because the gainin sensitivity when 1H is used compared with 13C or 15N is n(γH/γS)5/2,where n is the number of hydrogens on the nitrogen or carbon and γH andγS is the gyromagnetic ratio for proton and 13C or 15N, respectively. How-ever for solvent exposed parts of the protein the exchange rate of hydrogensmay be so fast that they are exchanged during the experiment, leading toloss of signal in affected areas. In Paper V, this was a problem that couldhave been avoided with pulse sequences eluding magnetization on protons.
 11 10 9 8 71HN ppm
 130
 125
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 115
 110
 105
 15N
 ppm
 Figure 3.6: The two-dimensional spectrum of the kinase domain ofEphB2 from the experiment shown in figure 3.5.
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 For optimal sensitivity in these experiments the spectrometer needs to beoptimized for detection at carbon or nitrogen.
 3.1.7 Resonance Assignments
 Every peak in a heteronuclear spectrum corresponds to one set of corre-lated nuclei and without knowing which peak belongs to which nuclei theexperiments are very hard to interpret. The process of pairing the peaks tothe different nuclei is called assignment and may be a time consuming andsometime impossible task. The main idea behind the assignment processis to perform experiments where the NMR signal is labeled with the prop-erties of a few linked nuclei into a spin system. Because the residues in aprotein are covalently linked it is possible to transfer magnetization to thesame nuclei starting from two adjacent residues. This results in two spinsystems sharing the same chemical shifts for one or more nuclei, makingit possible to link spin systems to each other. Some residues have distinc-tive chemical shifts, such as glycine, alanine, serine and threonine, whichhelp when positioning the linked residues in the protein sequence. Whena protein consists of a few hundred amino acids, the assignment process ishowever not straightforward and the task is similar to solving a large jigsawpuzzle where probably not all pieces are present and many fit in multipleplaces. Numerous computer programs have been developed to facilitate theassignment process [32–35] and the software COMPASS in Paper I is oneadditional example.
 3.1.8 Isotopic Labeling
 For NMR spectroscopists the most interesting backbone atoms of the pro-tein are nitrogens, carbons and hydrogens but the majority of the carbonand nitrogen isotopes are the non-magnetically active isotope 12C and thespin I = 1 isotope 14N. To be able to run heteronuclear experiments, wheremagnetization is transferred from proton, to nitrogen, to carbon, the spinI = 1/2 nuclei 15N and/or 13C need to be incorporated into the protein.This is done by growing the protein-expressing bacteria in a medium sup-plemented with only one nitrogen source containing 15N and one carbonsource containing 13C. Normally 15N-ammonium chloride and 13C-glucoseare used for a uniformly labeled protein. For certain methods, such as cer-tain relaxation experiments specific carbons need to be labeled selectivelyand this is described in 3.3.
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 3.2 RelaxationRelaxation is the process when the system reestablishes the thermal equi-librium that has been disturbed by the r.f. pulses in the NMR experiment.The spontaneous relaxation process of an isolated spin is very improbableand is instead a consequence of the interactions, described in 3.1.4, betweenthe spin and the surroundings. There are in principle two types of relax-ation; longitudinal relaxation where the spins relax back to the Boltzmanndistribution, giving the net magnetization at thermal equilibrium, and bytransverse relaxation, which is the loss of coherence detectable in the FID.Relaxation is sensitive to processes on different time scales, which are takenadvantage of to study interactions, otherwise hidden in an ordinary NMRspectrum, and different protein motions.
 Relaxation Mechanisms and Spin Quantum Number
 In solution NMR spectroscopy the fluctuating magnetic fields, caused bythermal motions of the molecule, are the main source of relaxation for spinI = 1/2 and the importance of the different relaxation mechanisms is usuallyas follows:
 dipole-dipole > CSA
 The CSA becomes more important at higher external magnetic fields, espe-cially for nuclei such as the carbonyl carbon. For spin I > 1/2 the importanceis as follows:
 quadrupole dipole-dipole > CSA
 When many relaxation mechanisms occur there is always the possibilityof cross-correlation or relaxation interference between the different mecha-nisms. The many local fluctuating magnetic fields all depend on the rotationof the molecule and are therefore correlated. Relaxation interference formsthe basis of TROSY described in 3.4.1.
 Longitudinal Relaxation
 Longitudinal relaxation is the process where the spins in the sample relaxback to the thermal equilibrium by losing their energy to the surroundings,which influences the magnitude of magnetization along the longitudinal axis,hence the name. Longitudinal relaxation is schematically illustrated in fig-ure 3.7. The process that dominates this relaxation for protons is the dipole-dipole interaction. The time constant that describes the time it takes forthe spins to relax back to equilibrium is called T1 and the relaxation processat a constant external magnetic field is described by
 Mz(t) = M0 − [M0 −Mz(0)] exp (−t/T1) (3.8)
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 Figure 3.7: Schematic illustration of the longitudinal relaxation pro-cess. The net magnetization (arrow) is inverted between the two firstpictures and is then relaxing back as time passes.
 whereM0 is the equilibrium value ofMz and t is the time. For proteins thistime is typically in the range of seconds and T1 passes a minimum and thenincreases with increasing molecular size. T1 determines how often the pulsesequence may be repeated in the experiment. For maximum sensitivity thetime between the repetitions of the pulse sequence needs to be optimizedso enough signal has relaxed back between scans and a high number ofrepetitions can be performed.
 Transverse Relaxation
 Transverse relaxation is the irreversible loss of coherence, which can be seenas loss of the detectable net magnetization due to the spreading out of themagnetization in the transverse plane, perpendicular to the longitudinalaxis, schematically illustrated in figure 3.8. The main source of the trans-verse relaxation is the difference in magnetic environment that the differentspins experience, which will make them precess with slightly different ratesand the spins that were collective in the beginning are now spread out inthe transverse plane. T2 is the constant describing the time it takes for thecoherence to vanish or the spins to completely spread out in the transverse
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 Figure 3.8: Schematic illustration of the transverse relaxation process.The net magnetization (bold arrow) relaxes by loss of coherence, result-ing in zero magnetization in the transverse plane. The spins that are inphase in the left panel gets more and more scattered after time.
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 plane so the net magnetic vector in the plane is zero and is described by
 Mx(t) = Mx(0) cos(ω0t) exp (−t/T2) (3.9)
 whereMx is the magnetization along the x-axis, ω0 is the Larmor frequencyand t is the time. T2 determines for how long time it is possible to detectthe FID. T2 also influences the shape of the peaks in the spectrum. Shortertransverse relaxation time results in broader peaks that eventually will beso wide that they disappear in the noise and will be undetectable.
 3.2.1 Pico-Nanosecond Time Frame Experiments
 Motions on the pico-nanosecond timeframe are small motions where theatomic bonds are bending, stretching and rotating. These are normallystudied with experiments determining the longitudinal relaxation rate con-stants, R1, the transverse relaxation rate constants, R2, and the heteronu-clear NOE (nuclear Overhauser effect) [36]. These parameters may be in-dividually determined for each nucleus and therefore they are well suitedto report on flexibility with atomic resolution. If all three experiments arecollected it is possible to calculate the order parameter, S2, that describesif a nucleus is moving like the rest of the protein S2 = 1, totally unrelatedto the rest of the protein S2 = 0 or somewhere in-between. The calculationof S2 is usually done with the model-free formalism [37,38] or the extendedmodel-free formalism [39], which optimally requires some additional exper-iments.
 R1
 The longitudinal relaxation rate constant R1 is the inverse of T1 and maybe measured by the T1 relaxation experiment which is built on the idea toinvert the equilibrium magnetization, wait a variable delay time and thentransfer the magnetization to the transverse plane and detect how muchof the initial magnetization was left along the longitudinal axis after thedelay. The experiment is repeated with different delays and the intensityof the magnetization is fitted to equation 3.8 to extract T1 [40]. The mostwell studied nucleus in proteins is the amide 15N due to convenience andsensitivity.
 R2
 R2, the transverse relaxation rate constant, is the inverse of T2. There areexperiments that directly detect R2 but it is common to instead use themore robust R1ρ experiment. If R1 is known it is possible to calculate R2
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 according to
 R2 =R1ρ
 sin2 θ− R1
 tan2 θ(3.10)
 where θ is the tilt-angle, defined as
 θ =B1
 ∆Ω(3.11)
 where B1 and ∆Ω are the spin lock field strength and the offset from thecarrier, respectively [41]. For rigid molecules R2 is highly dependent on theoverall tumbling of the molecule, which means that in areas with high orderparameters, R2 is proportional to the size of the molecule in solution. Thisis used in Paper V to study self-association of the kinase domain of EphB2to multimers.
 The heteronuclear NOE
 The heteronuclear NOE reports on the motion of a bond vector, normallythe 15N-1HN bond, and is sensitive to S2. The experiment to determinethe heteronuclear NOE is performed by two almost identical pulse schemes,where the coupled nucleus is saturated or not. Saturation may be performedby irradiating one spin with closely spaced 120°-pulses, which also affectsa coupled spin by the direct dipole-dipole interaction. The heteronuclearNOE, for one nucleus, is calculated as the ratio between the intensities ofthe resulting peaks, with, Isat, and without, Iunsat, saturation of the couplednucleus [40].
 NOE =IsatIunsat
 (3.12)
 3.2.2 Relaxation and Chemical ExchangeAs introduced in 1.2.3 one important process that influences the shape ofthe peaks in the NMR spectrum is chemical exchange. In the case of atwo-state exchange process, the protein is changing between two differentstates, a and b, with distinctive precession frequencies, ωa and ωb. TheNMR peaks will be influenced differently by the exchange, depending onthe relationship between the difference between the two frequencies, ∆ω, ofthe peaks in the two states
 ∆ω = ωa − ωb (3.13)
 and by the exchange rate constant, kex. If these parameters have roughlythe same magnitude, the system is in the intermediate exchange regime
 kex ≈∣∣∣∣∆ω2
 ∣∣∣∣ (3.14)
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 If the relationship instead is
 kex ∣∣∣∣∆ω2
 ∣∣∣∣ (3.15)
 the regime is called the slow exchange regime. The fast exchange regime istrue for the relationship
 kex ∣∣∣∣∆ω2
 ∣∣∣∣ . (3.16)
 In the slow exchange regime, the two states show two separate peaks in thespectrum with frequencies ωa and ωb, see figure 3.9. In the fast exchangeregime only one peak is visible in the spectrum at the frequency in-betweenωa and ωb (figure 3.9, bottom). The intermediate exchange regime is char-acterized by one broad peak (middle panel, figure 3.9). In-between theseregimes, the peaks are a mixture of the different regimes. If the two statesare not equally populated the volumes of the peaks will be weighted withthe relative populations in the slow intermediate exchange regime and thepeak from the low populated state will be broader than that from the highlypopulated state due to a higher rate constant out of the corresponding state.The position of the single peak will be weighted towards the highest pop-ulated state in the fast exchanging regime. Because the exchange regimeis dependent of the frequency difference the appearance of the peaks maychange by altering the external field. The exchange rate constant is usuallytemperature dependent so changing the temperature may also change theexchange regime.
 Low Populated Excited States
 In proteins there may be low populated excited states not directly detectablein the NMR spectrum, as the above-mentioned peaks, but of significantbiological relevance nevertheless. Especially interesting is the millisecondto microsecond time frame because of important processes such as proteinfolding [2], misfolding [42], catalysis [3, 4] and ligand binding [5] that occuron this timescale. These states may be investigated by different methodsdepending of the time frame of the exchange rate constant. Chemical ex-change saturation transfer (CEST) is a recently developed technique fordetermination of slow millisecond dynamics (5-50 ms) [43]. The experimentis performed by applying a weak r.f. pulse at different regions of the spec-trum and when the frequency of the excited state is irradiated, the groundstate will also be influenced. The experiment bank has been expanded tocover the backbone 15N [43,44], 13C [45–47], 1H [48] and the side chains [49]and may be performed on uniformly labeled proteins. For fast exchangeprocesses, 25-500 µs, the R1ρ dispersion experiment [50] is the best choice.This experiment is based on the same principle as the experiment described
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 Slow exchange regime
 Intermediate exchange regime
 Fast exchange regime
 Figure 3.9: Schematic peak appearance of a two state exchange pro-cess, of equal populations, in different exchange regimes starting fromslow at the top to fast at the bottom. The total volume of each peak orset of peaks should be the same even though this might not be obviousfrom the figure.
 in 3.2.1 but in the dispersion version of the experiment the spin-lock r.f.frequency is changed between repetitions, which enables extraction of infor-mation about the excited state. Also here, multiple pulse sequences havebeen developed for different nuclei [50–53].
 CPMG Relaxation Dispersion
 Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion is a type of NMRexperiments designed to detect dynamics on the 0.5-5 ms time scale [54–56]. A protein undergoing chemical exchange, to a low populated state,experiences different relaxation in the two states and will therefore show arelaxation rateR2,eff that is a sum of the relaxation rates in the ground state,R2, and the exchange contribution, Rex. R2,eff will be weighted with thetime the protein spends in the different states, the exchange rate constant,kex, how much of the protein is in the excited state, pb, and the absolute
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 π x
 τ τ
 Figure 3.10: The pulse scheme of a spin echo, designed to refocus themagnetization of spins with different chemical shifts.
 frequency difference, |∆ω|, according to
 Rex =papb∆ω
 2
 kex. (3.17)
 To obtain the sign of |∆ω| two-dimensional correlation maps, recorded atnumerous static magnetic fields are used [57].
 The CPMG experiment may detect small populations, 0.5% and higher.kex and pb describes the thermodynamics of the exchange and have beenlongtime recognized for their usefulness. |∆ω| has recently been promotedin importance because the chemical shifts are sufficient for structural cal-culations of protein excited states [29,30].
 The theory behind the CPMG experiment is that spins precessing inthe transverse plane will be spread out due to chemical shift. A simplespin echo, shown in figure 3.10, may refocus these. If the spins are inchemical exchange during the spin echo, it will not be able to refocus thespins because the spins do not precess with the same frequency in the twostates. In the CPMG experiment different rates of spin echoes, νCPMG willbe applied during the same time interval [58, 59]. If the system undergoesexchange; a high number of refocusing pulses will be able to refocus thespins better, resulting in lower effective relaxation than with a low numberof repeats. A non-exchanging system will have the same effective relaxationrate independent of νCPMG. The principle behind the CPMG relaxationdispersion experiment is illustrated in figure 3.11.
 In this thesis, the software CATIA (http://pound.med.utoronto.ca/ flem-ming/catia/) has been used to extract the exchange parameters from thedispersion curves. The software uses the Bloch-McConnell equations todescribe the evolution matrix of the spin-system in the case of chemicalexchange and the exchange parameters are fitted by a least-square mini-mization. The exchange regime limits for the CPMG relaxation dispersionexperiments are determined by the rate of the pulses possible to apply. Ifthe exchange process is much slower than the relaxation delay, it is not
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 Figure 3.11: The principle behind the CPMG relaxation dispersionexperiment. A-C adopted from [60]. Nuclear probes, in state, a andb, resonate with different frequencies ωa (red) and ωb (cyan). After atime t the accumulated phase is φ = ωt. A) One spin echo appliedon an ensemble of spins, without chemical exchange, perfectly refocusesthe spins, the effective relaxation, R2,eff, is very low. B) One spin echoapplied on an ensemble of spins, with two-state chemical exchange wherethe spins stochastically changes between state a and b, is not able torefocus the spins. R2,eff is high. C) Four spin echoes applied on thesame ensemble as in B), refocuses the spins more. R2,eff is lower. D)A dispersion curve of an 15N from the kinase domain of EphB2. Theeffective relaxation, R2,eff, is plotted against the applied rate of thespin-echo, νCPMG. The data points originating from the rates shown inB) and C) is indicated. As can be seen a high value of νCPMG is neededto reduce R2,eff maximally.
 possible to detect any exchange. The limiting factor for fast exchange isset by how fast the pulses may be applied without damaging the equip-ment. The CPMG relaxation dispersion experiment has been applied tomany different nuclei of proteins where some are more straightforward tomeasure, 15N [55] and 13CO [61], and others such as 1HN [62], 1Hα [63],1Hside−chain [64], 13Cα [65] and 13Cβ [66] need specifically labeled proteins(described in 3.3) due to artifacts caused of scalar or dipolar couplings. TheCPMG experiment has been an important experiment for this thesis and isused in all Papers except one.
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 3.3 Specific Isotopic Labeling
 The extraction of most relaxation rates is dependent on magnetic isolationof the desired nucleus so it is only dependent of one relaxation process.Cross-correlation makes the relaxation decays multi-exponential and there-fore non-accurate relaxation parameters will be extracted. For CPMG ex-periments, similar problems are caused by the scalar coupling. In manyapplications this is taken care of by applying a π-pulse, inverting the dipolefield of the coupled nucleus. For the amide 15N this is sufficient because itsrelaxation is dominated by the interaction with the coupled proton and it isalso isolated from other 15N. The cases of 1H and 13C are much more com-plicated and the inverting technique often fails, hence the need for selectiveisotopic labeling.
 For CPMG relaxation dispersion experiments, the isotopic labeling strat-egy strives to magnetically isolate the desired nucleus, by removing adjacentisotopes of the same kind to reduce homonuclear scalar couplings [62–66].A useful selective labeling scheme fulfills as many of the following crite-ria as feasible; the precursors should be as cheap as possible, the labelingat the desired position should be as high and that at undesired positionsas low as attainable, the protocol should be easy to use, the total proteinyield should be high and the fewest different protein samples possible, forthe desired experiment battery, should be necessary to produce. Many ofthese criteria are competing as evident from Paper IV, which compares twodifferent precursors to evaluate the specific 13C labeling at Cα for CPMGstudies.
 Relaxation experiments are not the only case when specific isotopic la-beling is necessary, other examples are methyl group labeling for very largesystems [67], segmental labeling for multi domain protein studies [68] andamino acid selective labeling and unlabeling for protein assignments [69].
 3.3.1 Amino Acid Synthesis in E. coli
 Most NMR samples for protein NMR are produced by overexpression inEscherichia coli (E. coli). To be able to predict which amino acid precursorsare useful for a specific labeling scheme the biosynthesis of amino acidsneeds to be considered. All amino acids are produced by transaminationof an amide group from glutamine or glutamic acid to the correspondingα-ketoacid where the Hα is taken from the solvent. The precursors of theα-ketoacid is dependent of the type of amino acid and are produced eitheras intermediates in glycolysis, tricarboxylic acid cycle or pentose phosphatepathway. For a complete description of these synthesis pathways the readeris referred to Voet and Voet [70] or Gottschalk [71]. Important for selectiveisotopic labeled proteins is that E. coli may strive and nourish from many
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 different chemicals and that the different positions in the amino acids inprinciple originates from specific positions in the precursor. However, thebiosynthesis is complex in itself and side reactions happen, which reducespredictability and complicates the labeling scheme. These processes resultin scrambling; the main labeling path is not the only one occurring. Toavoid scrambling it is possible to use genetically changed bacteria wheresome enzymes are knocked out to cancel out undesired pathways [66].
 3.4 NMR Studies of Large Proteins
 In solution NMR spectroscopy the signals are dependent on the fast rotation,called tumbling, of molecules in solution. Smaller molecules tumble fasterthan larger ones and therefore larger proteins cause weaker and broaderpeaks and the longer the experiment, the greater the effects of this prob-lem. By introducing some tricks in the experiment settings it is possible toextend the upper size limit for studying proteins by NMR. These techniquesincludes excluding the largest source of relaxation, the protons, if possibleincrease the temperature to increase tumbling rate and to use experimentsthat are designed for the properties of large proteins. Another problem isthat large proteins have more atoms and therefore more peaks that shouldbe fitted into the same signal space as small proteins. This makes the spec-tra crowded and the peaks may be hard to distinguish from each other,which leads to demanding evaluation of all experiments. Linking the chem-ical shifts of more nuclei to the same signal, extending the dimensions ofthe experiment, may resolve the peaks but this results in longer pulse se-quences and lower sensitivity, which is already a problem. NMR studies oflarge proteins are challenging, but improvements during the last decades,both in techniques and equipment, have increased the possibilities [72–75].
 3.4.1 TROSY
 Transverse relaxation optimized spectroscopy (TROSY) is a set of tech-niques, applicable to most NMR experiments, to reduce relaxation for largeproteins [72, 76, 77]. For small proteins this method reduces sensitivity be-cause some useful magnetization is thrown away, but for proteins larger than20-30 kDa it is necessary for having detectable magnetization in the end ofthe experiment. In standard experiments, heteronuclear decoupling is ap-plied during proton detected acquisition to quench the splitting of the signalinto two peaks. The splitting originates from coupling to the amide 15N.The relative widths of the peaks depend on the cross-correlation between theCSA and the heteronuclear dipole-dipole interaction and one of the peaks isconsiderably narrowed, due to slower relaxation, compared with the other.
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 The TROSY techniques therefore use acquisition of the NMR signal with-out heteronuclear decoupling to be able to select the slowest relaxing 1HNcomponent. The pulse sequences are carefully designed to let the magneti-zation pass coherence with favorable relaxation mechanism, which reducesrelaxation during the pulse sequence. The protein is extensively deuterated(described in 3.4.2) to reduce relaxation that is not participating in thefavorable cross-correlation cancelation. Because CSA is dependent on themagnitude of the external magnetic field, the cross-correlation and conse-quently the TROSY-effect, is larger at 18 T than 14 T and optimal are fieldsat 20-25 T.
 3.4.2 Deuteration
 Regular hydrogen, 1H, nuclei only have one proton, nothing else. Thedeuteron, 2H, a deuterium nuclei, consists of one proton and one neutron,altering the nuclear spin quantum number from 1/2 to 1, which changes itsmagnetically properties considerably. This may be used in many applica-tions, such as to isolate protons in relaxation measurements (described in3.3) and for example in deuteration exchange experiments where proton la-beled protein is dissolved in deuterium buffer and the decreasing signal asa consequence of proton-deuteron exchange is detected to give informationabout which areas of the protein are most exposed to the solvent [78]. Forthis thesis, and maybe also for most users, deuterium is used to increasesensitivity when studying large proteins. The 1H-13C dipolar interactiondominates the relaxation of 13C spins where this bond is present and therelaxation of 1HN arises to ∼ 40% from 1H close in space. Deuterons have agyromagnetic ratio, 6.5-fold smaller than the proton resulting in 16-fold lesseffective relaxation of the adjacent nuclei. The difference between standardand deuteration optimized, triple resonance experiments, used in the as-signment process, is the need for decoupling of the scalar coupling betweenthe 13C and the attached deuteron when magnetization is in the transverseplane of the carbon.
 To produce deuterated proteins, protein expression is performed in min-imal media where the solvent is 2H2O (heavy water). For a protein with∼ 99% deuteration also the carbon source needs to be deuterated. As de-scribed in 3.1.6, it is possible to increase sensitivity by starting and endingthe experiment with magnetization on the proton. To make sure that allthe amide deuterons are exchanged to protons, the protein is therefore un-folded and refolded in 1H2O based buffers. Two disadvantages of productionof deuterated proteins are the higher cost and the longer expression timecompared with protonated proteins.
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 3.5 Fast Sampling TechniquesOne of the drawbacks of NMR spectroscopy is the low sensitivity and con-sequently the need to repeat the pulse sequence multiple times, resulting inlong experiment times. Both a problem for fully booked spectrometers andproteins with limited stability. Another source of long measuring time isthe need for repeating the pulse sequence with increasing evolution delays inthe indirect dimensions for satisfactory resolution. A few well-establishedtechniques have been developed to decrease the total time of the experi-ment. The band-selective excitation short-transient (BEST) technique usesband-selective pulses centered on the amide region instead of hard pulsesto speed up the longitudinal proton relaxation between scans [79], reduc-ing the delay in-between repetitions, which decreases the experiment timeconsiderably.
 3.5.1 Non-Uniform SamplingThe non-uniform sampling (NUS) strategy reduces measuring time by notdetecting every single FID as in the standard case. Instead it is possibleto randomly sample just a fraction of that data and then reconstruct theregular spectra from the much faster experiment. The randomness of thedata points are weighted with some pre known information such as relax-ation rates and scalar couplings [80]. The standard way of processing anNMR experiment is the Fourier transform, but because it requires dataacquired regularly spaced it is not possible to solely use it for NUS data.Instead other processing methods, for example multi-dimensional decom-position processing (MDD), are needed [81]. MDD makes the assumptionthat the NMR signal is completely defined by its line shape in all spectraldimensions, meaning that three separate one-dimensional vectors may de-scribe a three-dimensional peak. Because the line shape of the NMR peaksare known, the full spectrum may be reconstructed by prediction of themissing data together with normal processing strategies.
 In Paper III CPMG relaxation dispersion data have been resolved intothree dimensions and the NUS scheme have been used to considerably reduceexperimental time.
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Chapter 4
 Data Analysis
 In many divisions of science, massive amounts of data are collected. NMRspectroscopy is no exception. To be able to compare data and make conclu-sions, the data normally need to be converted and/or presented in a moreunderstandable way. An important analysis is data fitting because almostalways a limited number of data points can be collected. To find the modelthat best describe the data the model needs to be optimized. All of thismay be done in many ways and some of the most important for this thesiswill be presented herein. To facilitate and speed up data analysis there isa need for dedicated computer programs. Two of the papers in this thesispresent software aiming to simplify the analysis of data collected by NMRspectroscopy, COMPASS for resonance assignments and PINT for peak in-tegration. However, data analysis is used to a large extent in all papers.
 4.1 Data FittingData fitting is the process of optimizing models to data and evaluating theresults. The process aims to minimize a target function, often the weightedleast square deviation function, χ2. χ2 describes the difference between thecollected data and the model, as follows
 χ2 =
 n∑i=1
 (yi − y(Φ1,Φ2, . . . ,Φk)i
 σi
 )2
 (4.1)
 where yi is the measured value with error σi and y(Φ1,Φ2, . . . ,Φk)i themodel value for data point i. Φx are the k number of model parametersdetermining the model [82].
 One fitting method is the gradient descent. The fitting starts with themodel defined by the initial model parameters, set by default or estimated
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 by the user. The target function and the gradient of the target functionare calculated and the parameters of the model function are changed in thedirection of the negative of the gradient. This is repeated until no changelowers the value of the target function, a minimum is reached and the datahave been fitted. This method may however be rather slow and normally itis more efficient to use the Levenberg-Marquardt algorithm also called thedamped least square algorithm. This utilizes the gradient descent (used farfrom the minimum) together with a mixture of it and the inverse-Hessianalgorithm (closer to the minimum) [82]. Normally a limit is set of allowednumbers of iterations before the fit is considered to have failed and nominimum was found.
 One problem with data fitting is to determine if the minimum is the de-sired global minimum or an undesired local minimum. There are methodswith probability to occasionally take a route that increases the target func-tion, sometimes resulting in finding a different minimum. Another strategyis to perform a grid search, starting the fit with different model parameters,helping to find the global minimum.
 In Paper I χ2 is used, in the software COMPASS, as an indicator onhow well the connected resonance fragments matches different parts of theprotein sequence, in Paper II, in the software PINT, χ2 indicates the successof the line shape fit and in Paper III-IV it has been used to evaluate data.
 4.2 Error Estimation
 For almost all data evaluation, especially data fitting, the errors of thedata points need to be correctly estimated and the method depends on theamount of available data as well as the nature of the data. The most sta-tistically robust error is the standard error, which is the standard deviationof the sample distribution [83]. This requires that every measurement hasbeen performed multiple times, which is often not possible due time con-strains. Errors may instead be estimated from the standard deviation ofduplicated measurements, on condition that the standard deviation for dif-ferent measurements can be assumed to be the same. Given that enoughduplicates have been measured it is possible to estimate the error for onedata set, which for example may be one residue in a protein. With fewduplicates, many data sets (the entire protein) need to be considered toget enough statistics in the error. Also in this case the variation should bethe same for different measurements [2]. Resampling is another method,where the error is estimated by performing the analysis multiple times withslightly modified data sets. This is either done by performing the analysiswith M numbers of data points from an N -size sample (M < N), calledthe jackknife method [82], or by randomly drawing N data points from an
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 N -size sample, called bootstrapping, where it is possible to draw the samemeasured data point multiple times [82].
 In Paper II, which describes the peak integration software PINT, theduplicate data point method is used, when possible, to estimate the errorsin the integrated volumes. For estimating the errors of the converted pa-rameters, for instance the relaxation rate constants, the jackknife methodis used. In Paper III different error estimation methods are compared.
 4.2.1 Error Propagation
 If the error of one variable has been estimated and the variable needs to beconverted also the error requires appropriate conversion, called error prop-agation. In this thesis it has been done for the calculation of the effectiverelaxation rates for estimated peak volumes, for example. For a function,f , of one variable, x, the error ∆f should be propagated as
 ∆f ≈∣∣∣∣ dfdx
 ∣∣∣∣∆x (4.2)
 where ∆x is the error in the variable x [83]. For the function f(x, y, . . . ),under the assumption that the variables are uncorrelated, the error is cal-culated according to
 |∆f | ≈
 √(∂f
 ∂x
 )2
 ∆x2 +
 (∂f
 ∂y
 2)∆y2 + . . . (4.3)
 where ∆x and ∆y are the estimated errors in the respective variables (inthis case estimated from duplicate data points).
 4.3 Evaluating Fits
 Visual inspection is one way to evaluate if there is a difference between twodata sets or whether there is a difference in how well two separate modelsdescribe a data set. The human eye and brain are excellent at findingpatterns and deviations from them, but often it is useful to have a morestatistically reliable method and then statistical tests are helpful. Mostof the nomenclature and theory in this section have been taken from 100statistical tests by Gopal K. Kanji [84].
 The test procedure of a statistical test is to:
 1. Formulate the hypothesis
 2. Calculate a test statistic
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 3. Choose a critical region
 4. Decide the size of the region or significance level
 5. Compare if the test statistic is well into the chosen region or justwithin it
 The hypothesis is formulated so it implies no difference between data setsor models. The test is then constructed so that the hypothesis should bediscarded if it is very improbable that it is true. The test statistic is calcu-lated to help determining this. If the test statistic is outside of the criticalregion the hypothesis may be discarded. The significance level is approx-imately describing how large the risk is for making incorrect conclusions.In this thesis F -tests and t-tests have been used to determine if a nucleusexperiences chemical exchange or not.
 One thing to consider when choosing type of statistical test is how robustit is. The robustness of a test is described by how sensitive it is for deviationsfrom the requirements that are described for that test. For example, manytests demand the tested variable to be normal-distributed and a robust testwill be correct even if this is only approximately true.
 4.3.1 F -TestThe F -test may be used to test the hypothesis that a data set in a regressionanalysis follows the simpler of two proposed linear models that are nestedwithin each other. If the same data set has been fitted to two differentmodels where the simpler model is a reduced form of the more complicatedone, it is possible to check if it is statistically significant to discard thesimpler model in favor of the more complicated one. The test statistic is
 F =χ21/(n1 − 1)
 χ22/(n2 − 1)
 (4.4)
 where χ21 and χ2
 2 are the target functions calculated by equation 4.1 for thesimpler and more complicated model respectively and n1 and n2 are thedegrees of freedom for the two models [82].
 4.3.2 t-Test of a Correlation CoefficientThis test is designed to test if the sample correlation coefficient is signifi-cantly different from zero. Both x and y should be normal-distributed witha linear relationship. The data set with n points (xi, yi) has the correlationcoefficient, r, calculated as
 r =
 ∑(xi − x)(yi − y)[∑
 (xi − x)2∑
 (yi − y)2] 1
 2
 (4.5)
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 where x and y is the mean value of the respective variables. The test statistict follows Student’s t-distribution with n− 2 degrees of freedom and is
 t =r√
 1− r2·√n− 2. (4.6)
 This has been used in Paper IV to test if a nucleus undergoes chemicalexchange, in that case the correlation between the two parameters are ap-proximately exponential and if the logarithm of the y-value is taken thecorrelation between x and y is possible to test by the t-test [84].
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Chapter 5
 Summary of My Work
 Proteins are not static blocks but dynamical molecules with interesting ex-cited states that are important for example for catalysis and protein inter-actions. The main foci of this thesis are protein dynamics and the use ofsolution nuclear magnetic resonance (NMR) spectroscopy, to characterize it.This thesis contains four papers of improved methods and one paper aboutdynamical properties of the activation of the kinase domain of ephrinB re-ceptor 2 (EphB2).
 5.1 Paper IProtein resonance assignments are the link between the NMR signals and thenuclei in the protein. They are critical for almost all applications of proteinNMR spectroscopy and to achieve them is often a time consuming manualtask. Software has been developed for automation of the process [32–35] butoften with unsatisfactory success rates and with errors, especially for largeproteins with limited data sets. Paper I presents the interactive softwareCOMPASS (COmputer-aided Matching and Peak ASSignment) developedto take advantage of statistics, the calculation power of a computer and theexperience and flexibility of the user. Input to the program is chemical shiftsfrom triple resonance experiments, which, in the Label module, are groupedinto spin systems of all resonances scalar coupled to a specific amide proton.In the Analyze module, the spin systems are linked into peptide fragments,the chemical shifts of which subsequently are compared to statistical valuesfrom the chemical shift database RefDB [85], to calculate the probable po-sition in the protein sequence. The user obtains the results from Analyze asstatistical probabilities, the reduced χ2, and assigns the chemical shifts tothe nuclei in the protein, by choosing the best results in the Assign module.The workflow of COMPASS is schematically described in figure 5.1. For the
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 Figure 5.1: Schematic description of the resonance assignment pro-cess by COMPASS, from unlabeled chemical shifts to connected peptidefragments.
 tripeptide in figure 5.1 the process starts by lists of uncorrelated chemicalshifts that are then grouped together into unreferenced spin systems, 103,64 and 203, in the Label module. These are then connected in the Analyzemodule, by matching their chemical shifts, to a tripeptide fragment, 203-64-103. The tripeptide fragment is then compared with the chemical shiftsin the RefDB database to be able to combine the chemical shifts to differ-ent positions in the sequence of the protein. The software then presentsthe statistical scores for the spin systems to be assigned to positions in theprotein and the user may confirm that the best match is: Q633, V634 andI634, in the Assign module.
 Compared with the time consuming manual assignment procedure COM-PASS provide a faster process without entrusting the control to the com-puter, resulting in more accurate and complete results compared to otherautomated and semi-automated software. Included is the possibility to com-pensate for chemical shift differences as a consequence of deuteration, es-pecially useful for large proteins. Automatic software for resonance assign-ments usually has problems with assigning proteins with lower degree ofsignals than anticipated, which is often the case for large proteins. Zuider-weg et al. state that their program, EZ-Assign, outperforms other softwarepublished (2013) on these occasions [35]. In Paper I it is shown that COM-PASS executes even better, for the protein thiopurine methyltransferase [86]with high degree of missing data. COMPASS has been developed with userfriendliness as a key concern with extensive error handling and has beenimplemented for Linux, Mac OS X and Windows.
 5.2 Paper II
 This paper presents the software PINT (Peak INTegration) developed forpeak integration and conversion of peak volumes to physical quantities.In NMR experiments peaks correspond to the measured signal. Especially
 42

Page 59
						

5.
 A CB
 Figure 5.2: Schematic drawings of one-dimensional peaks where thecharacteristics that are fitted by PINT are pointed out, A) line widthB) intensity and C) chemical shift.
 for experiments evaluating protein dynamics, the correct estimation of peakvolumes is crucial. PINT integrates peaks, from two-dimensional or pseudo-three-dimensional spectra, by minimizing the sum of squared residuals be-tween the experimental data and a line shape. The line shape of the peakis defining the chemical shift of the peak, the maximum intensity of thepeak and the line width of the peak, shown in figure 5.2. PINT can convertthe peak volumes to quantities such as relaxation rates, hydrogen exchangerates and the heteronuclear NOE. The output is the volume of the peak,files listing the converted quantity as well as plots for easy inspection ofthe fit. PINT’s main advantages are its possibility to integrate multipleoverlapped peaks, the easy way to inspect and compare the fitted curves tothe experimental data and converting options. Without competent integra-tion software such as PINT, it is not feasible to analyze overlapped peaksin relaxation experiments, used to investigate protein dynamics, and somepotentially important information may get lost.
 5.3 Paper III
 Some proteins have low resolution in two-dimensional NMR spectra result-ing in complicated or sometimes impossible evaluation of the results. Thetwo-dimensional spectrum is the base of many standard relaxation exper-iments. One way to deal with overlapped peaks is to resolve the signalsinto three dimensions. Two three-dimensional versions of the CPMG re-laxation dispersion experiment detecting millisecond dynamics at 15N and13CO are described in Paper III. The pulse sequences were tested on a well-characterized system, the SH3 domain from the yeast protein Abp1p [87].To decrease measuring-time, eight and five percent of the data, compared
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 to the standard experiment, were sampled using non-uniform sampling, andthe standard data set were reconstructed by multi-dimensional decomposi-tion co-processing (co-MDD) [88]. The extracted exchange parameters werecomparable to the ones obtained from the standard experiments, which con-firmed the performance of the experiment. These experiments are mostsuited for small to medium sized proteins with poor 15N-1HN resolution.
 5.4 Paper IVThe importance of protein dynamics together with the possibility to deter-mine the structure of a protein solely by the chemical shifts [29, 30] havedriven the development of experiments to detect chemical shifts of the ex-cited state of all backbone nuclei. Some experiments need labeling of specificnuclei to avoid artifacts in the results. Many of the precursors added to thegrowth medium in order to obtain site-specific labeling have limitations andit is worth studying different possibilities. In Paper IV the use of [2-13C]-glycerol for selective labeling of Cα positions has been investigated as analternative to [2-13C]-glucose [65] because theoretically this may result intwice the amount of incorporated 13C at Cα positions, without incorpo-ration at Cβ. The reason for this is that one of three carbons is 13C in[2-13C]-glycerol compared with one of six carbons in [2-13C]-glucose. Oneglycerol molecule is then catabolized in the metabolism of E. coli to theprecursor of one amino acid and this is labeled with 13C at Cα. The glucosemolecule however, is divided into two amino acid precursors with only oneof them labeled with 13C at Cα (see figure 5.3). Incorporation of 13C atCα positions are indeed doubled and the levels of 13Cβ were low enough toextract accurate Cα chemical shifts of the excited state. The glycerol strat-egy presented herein lends itself to proteins with sensibility problems due tosolubility issues, because they would benefit from increased concentrationof 13C at Cα at a limited protein concentration.
 5.5 Paper VIn this paper the kinase domain of ephrinB receptor 2 (EphB2) has beenstudied in regard to activation. The Eph receptors are implicated in variousforms of cancers [17] and neurodegenerative diseases such as Alzheimer’s [18]and therefore their regulatory mechanism is interesting to study. Binding ofits ligand, the ephrin, induces autophosphorylation of the intracellular partsand multimerization of the receptor-ligand cluster, activating the receptor.The kinase domain has previously been studied by X-ray crystallographyand NMR spectroscopy [89], which herein was followed up by further investi-gations of dynamics and multimerization properties. 15N CPMG relaxation
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 Figure 5.3: Molecular structure of glucose, glycerol and the amino acidprecursor glyceraldehyde-3-phosphate (GAP). The red carbons indicates13C and the dashed arrows multiple catabolic steps. In A, one [2-13C]-glucose is converted to one [2-13C]-GAP and one GAP. In B, one [2-13C]-glycerol is converted to one [2-13C]-GAP. For thorough biosyntheticpathways, see [65] and Paper IV.
 dispersion experiments detected millisecond dynamics in active forms of thekinase domain of EphB2 but not in inactive forms, which confirms the hy-pothesis that the EphB2 kinase domain is not activated by a major changeof structure but rather by the possibility to dynamically sample differentconformations [89, 90]. Another important finding was that the transverserelaxation rate constant was significantly higher for active constructs thaninactive ones. This was interpreted as active forms of the kinase domainself-associating into multimers. Other parts of the receptor have previouslybeen associated with multimerization [91–95] but this study shows that thekinase domain also plays a role in the multimerization process, providingdocking sites for down-stream signaling proteins.
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Chapter 6
 Conclusions andPerspectives
 Protein dynamics are essential for protein function and solution NMR spec-troscopy is the prime method to study protein dynamics at atomic resolu-tion. This thesis aims to improve and extend the available techniques aswell as showing that protein dynamics are important for activation of thekinase domain of ephrinB receptor 2 (EphB2). Central for the thesis is theCPMG relaxation dispersion experiment [54] (described in 3.11), an excel-lent method to detect millisecond dynamics, important for many biologicallyimportant processes [2–5].
 The software COMPASS, presented in Paper I, shortens the time for thecrucial but usually time consuming first step in protein NMR spectroscopy,the manual assignments of the NMR signals to the nuclei of the protein,as well as improves the success rate compared to other software [32–35].Although COMPASS has a broader application than protein dynamics itshould be stressed that more complete degree of assignment increases thepossibilities to interpret the dynamical data and that faster process timeliberates time for thorough dynamical analysis. COMPASS is under im-provement and has been speeded up by multithreading, which enables thesoftware to run in parallel on multiple processor cores, to sped up the anal-ysis process. Flexibility in the Assign module has also been improved byfor example adding the possibility to search for shifts that incorrectly havebeen labeled to another spin system. Including a function that automati-cally processes partially preassigned proteins has been implicated to accel-erate addition of new spin systems or assigning a mutant, for example. Inthe future, useful implementations would be the addition of complementingexperiments such as 4D HNCACO, 4D HNCOCA, NOESY or TOCSY, ex-tending the spin systems for more matching options, direct visual inspection
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 Figure 6.1: Plot view of four overlapped peaks from EphB2 kinasedomain integrated by PINT. The experimental data are plotted in red.In A) the sum of the fitted peaks is shown in blue. In B) the individualfitted peaks are plotted in blue, green, cyan and black, respectively.
 of the spectra in COMPASS for easier control of the correctness of the spinsystem as well as improved algorithms for the Label module, which groupsunlabeled chemical shifts into spin systems.
 The software PINT (Peak INTegration), Paper II, is more specialized todynamical studies and especially evaluates relaxation experiments, for ex-ample CPMG relaxation dispersions, by integration of the NMR signals andconversion of the peak volumes to physical quantities. There are plans toextend the applications to evaluation of titrations and protein interactionsby simultaneously fitting peaks with different chemical shifts between spec-tra. At Linköping University, PINT is used in all projects involving NMRstudies of protein dynamics. Already applied improvements since publica-tion are multithreading and optimization of the numerical algorithms. Forthe case of EphB2, described in the paper, the time for integration, of 241
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 peaks in an R1ρ experiment comprising 15 relaxation delays, has decreasedfrom approximately six minutes to thirty seconds. There is also a refinedplotting option for overlapped peaks rendering graphs for both individuallyfitted peaks as well as the sum of all the peaks (see figure 6.1). Ongoingwork is to upgrade the usability of the program by refining the graphicalinterface and to implement integration of peaks from three-dimensional andpseudo-four-dimensional spectra.
 Paper III describes two pulse sequences detecting millisecond dynam-ics, by CPMG relaxation dispersion, with high resolution to decrease prob-lems for proteins with poorly dispersed two-dimensional spectra. The non-uniform sampling strategy was applied to decrease measuring time. Oneexample of proteins with crowded spectra is the intrinsically disordered pro-teins (IDPs). To further characterize protein dynamics the three-dimensionalstrategy from the methodology may be transferred to experiments detect-ing R1, R2 and the heteronuclear NOE (described in 3.2.1). For IDPs theseparameters are often more interesting to study than millisecond dynamics.
 Heavily overlapped peaks, in for example pseudo-three-dimensional re-laxation experiments, may be dealt with by higher resolution experiments,described in Paper III, or peak integration software such as PINT, describedin Paper II. PINT may handle peaks overlapped to a certain extent but thereis a limit. Especially in cases where both chemical shifts are almost identicalthe fitting procedure is often unsuccessful. Those cases would benefit fromhigher resolution. However, there is naturally a limit also for the pseudo-four-dimensional experiments, like lower sensitivity, reducing the possibili-ties to use them for larger proteins. The user may in those cases instead usethe two-dimensional version of the experiment and increase the resolutionin the indirect dimension to be able to partly resolve the peaks to facilitatethe peak integration by PINT.
 In Paper IV, a strategy that specifically labels Cα, but not Cβ, with 13C,for most residues is evaluated. This is necessary for artifact free measuringof Cα chemical shifts of excited states, by CPMG relaxation dispersionexperiments. Proteins are produced with [2-13C]-glycerol as carbon source,which theoretically doubles the incorporation degree compared to previouslydescribed strategy with [2-13C]-glucose [65]. The results show that this istrue but at the expense of slightly increased levels of artifacts, mostly dueto simultaneously 13C-labeling at Cβ. One difference between expressingprotein with glycerol, as carbon source, compared with glucose is the slowergrowth rate of the bacteria. This may be one of the reasons behind theartifacts because the longer time the bacteria are growing the more timethey have for scrambling the isotopes, by minor metabolic pathways. Ifthere are bacteria that are more competent to grow on glycerol, that maysolve this. There is another precursor that could be used, the [2,5-13C]-glucose that theoretically would give the same incorporation level of Cα
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6.
 as [2-13C]-glucose. That precursor would probably also give faster bacteriagrowth, which may reduce artifacts, but it is however more expensive.
 In Paper V it was concluded that active forms of the kinase domain ofEphB2 are more dynamic in the millisecond time frame and also more proneto form multimers than inactive forms. For more detailed conclusions of themultimer structure, small angle X-ray scattering (SAXS) [96] experimentsare planned in the near future. The SAXS measurements will hopefully givea low resolution structure to shed light upon the biological relevance of themultimers, both in respect to the constructs we use as active protein mimicsand related to the rest of the receptor protein. For deeper understandingof the millisecond dynamics, CPMG relaxation dispersion experiments atdifferent concentration of the cofactor Mg2+ as well as the substrate adeno-sine triphosphate (ATP), or a more stable analog would be very interestingto perform. The majority of the nuclei, which show millisecond dynamics,have been detected in the region of the ATP binding pocket. If this pocketopens and closes, to facilitate ATP binding, it is reasonable to expect thenature of the dynamics to change in the presence of the substrate. The soft-ware COMPASS and PINT described in Paper I and II was used to assignthe NMR signals and to evaluate protein dynamics in this project. The sizeof the studied protein was too large and the quality of the spectra collectedon the samples were to low to be able to use the techniques described in Pa-per III and IV, but those methods would likely have resulted in interestingresults, if possible to perform.
 To conclude, many techniques need to be used in the study of proteinsand structural biology. NMR will in the future still be the technique ofchoice to characterize protein dynamics. The increasing number of meth-ods available, included the ones described in this thesis, will facilitate forscientists to ask and answer even more complicated questions.
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