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Abstract 
Human thiopurine methyltransferase (TPMT) is an enzyme involved in the metabolism of thiopurine 

drugs, which are widely used in leukemia and inflammatory bowel diseases such as ulcerative colitis 

and Crohn´s disease. Due to genetic polymorphisms, approximately 30 protein variants are present in 

the population, some of which have significantly lowered activity. TPMT *5 (Leu49Ser) is one of the 

protein variants with almost no activity. The mutation is positioned in the hydrophobic core of the 

protein, close to the active site.  

Hydrogen exchange rates measured with NMR spectroscopy for N-terminally truncated constructs of 

TPMT *5 and TPMT *1 (wild type) show that local stability and hydrogen bonding patterns are 

changed by the mutation Leu49Ser. Most residues exhibit faster exchange rates and a lower local 

stability in TPMT *5 in comparison with TPMT *1. Changes occur close to the active site but also 

throughout the entire protein. Calculated overall stability is similar for the two constructs, so the 

measured changes are due to local stability. 

Protein dynamics measured with NMR relaxation experiments show that both TPMT *5 and TPMT *1 

are monomeric in solution. Millisecond dynamics exist in TPMT *1 but not in TPMT *5, even though a 

few residues exhibit a faster dynamic. Dynamics on nanosecond to picosecond time scale have 

changed but no clear trends are observable. 
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1 List of commonly used abbreviations 

*1 wild type  

*5 Leu49Ser (mutation of TPMT) 

6-MP 6-mercaptopurine 

6-TG 6-thioguanine 

6-TGN 6-thioguanine nucleotide 

AZA azathioprine 

CLEANEX-PM phase-modulated CLEAN chemical exchange 

CPMG Carr-Purcell-Meiboom-Gill relaxation dispersion nuclear magnetic resonance 

DNA deoxyribonucleic acid 

DNAse deoxyribonuclease 

HSQC heteronuclear single quantum coherence 

IPTG isopropyl β-D-1-thiogalactopyranoside 

LB lysogeny broth growth medium 

NMR nuclear magnetic resonance 

NOE nuclear Overhauser effect 

PCR polymerase chain reaction 

PINT Peak INTegration software 

psTPMT pseudomonas syringae thiopurine methyltransferase 

RF radiofrequency 

SAH S-adenosyl-L-homocysteine 

SAM S-adenosyl-L-methionine 

SDS sodium dodecyl sulfate 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 

TAE tris-acetic acid-EDTA buffer 

TPMT thiopurine methyltransferase 

TR truncated 

TROSY transverse relaxation optimized spectroscopy 
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2 Introduction 

2.1 Thiopurine methyltransferase (TPMT) 

The biological function of thiopurine methyltransferase (TPMT) is currently not known. The only 

known involvement of the enzyme is in the metabolism of thiopurine drugs, hence the name of the 

enzyme. The enzyme catalyzes S-methylation of thiopurines, especially 6-mercaptopurine (6-MP) and 

6-thioguanine (6-TG), which are shown in Figure 1. It is a cytosolic protein with a molecular mass of 

28 kDa for the wild type protein, and it is expressed in various internal organs and tissues.1 TPMT is a 

highly polymorphic protein with about 30 different mutations found to be present in the world popu-

lation.2 The activity of these variants in vivo is found to be trimodal. Approximately 1 in 300 individu-

als (0.3 %) have low or undetectable levels of TPMT activity, 10 % intermediate activity and the rest 

have normal or high levels of activity. 1 

 

Figure 1: The thiopurine drugs. Azathioprine is non-enzymatically cleaved to yield 6-MP before entering the 

cell. 

 

Thiopurines such as 6-mercaptopurine (6-MP), 6-thioguanine (6-TG) and Azathioprine (AZA), Figure 1, 

are effective anti-cancer and immunosuppressive drugs used for treatment of leukemia and inflam-

matory bowel diseases (IBD) such as Crohn’s disease and ulcerative colitis.1,3 
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Figure 2: Metabolism of thiopurines. Thiopurines are metabolized by xanthine oxidase (XO), guanase and alde-

hyde oxidase (AO) in the extracellular space. When inside the cell, 6-TG is converted by hypoxanthine-guanine 

phosphoribosyl transferase (HGPRT) to 6-thioguanosine-5’-monophosphate (TGMP). 6-MP is converted first to 

6-thioinosine-5’-monophosphate (TIMP) by HGPRT, then to 6-thioxanthine-5’-monophosphate (TXMP) by ino-

sine monophosphate dehydrogenase (IMPDH) and finally to TGMP by guanosine monophosphate synthetase 

(GMPS). 6-MP, 6-TG, TIMP and TGMP are inactivated in the cell by thiopurine methyltransferase (TPMT). Me-

thylthioinosine monophosphate (meTIMP) is an inhibitor of DNPS. The remaining TGMP is converted to 6-

thioguanosine-5’-diphosphate (TGDP), reduced to deoxy-6-thioguanosine-5’-diphosphate (dTGDP) by ribonu-

cleotide reductase (RR) and phosphorylated by nucleoside diphosphate kinase (NPDK) to dTGTP, a DNA poly-

merase substrate [Figure and text adapted from Fotoohi et al. (2010) 1
]. 
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The thiopurines are inactive prodrugs that are heavily metabolized in vivo as shown in Figure 2, be-

fore the therapeutic effective substances 6-thioguanine nucleotides (6-TGN) are achieved. The thio-

purines are described as antimetabolites to the DNA purines, and thus incorporated into DNA dis-

rupting DNA synthesis which triggers apoptosis. 1 The enzyme thiopurine methyltransferase (TPMT) is 

responsible for S-methylation of the thiopurine drugs, thus diverting them from the metabolic path 

to 6-TGN.4  

Thiopurine treatment is known to have high risks of various side effects, including myelosuppression 

and hepatotoxicity. High 6-TGN levels have been associated with an increased risk of developing 

myelosuppression. Hepatotoxicity is chemical-driven liver damage and is associated with high levels 

of methylated products of 6-MP and 6-TG by TPMT. 1,5 

2.1.1 Why is the TPMT activity important? 

As shown in the metabolism of thiopurines, Figure 2, TPMT works against the therapeutic effect of 

the thiopurine drugs. Thus, if TPMT activity is high, more of the methylated metabolites will be 

formed, and less of 6-TGN. If TPMT activity is low, less of the methylated metabolites are formed, 

and an increase of 6-TGN levels is expected. As mentioned earlier, high levels of methylated metabo-

lites give a high risk for developing hepatotoxicity, as well as to high levels of 6-TGN can give myelo-

toxicity, due to the very narrow therapeutic index of the thiopurine drugs.1 At present date, all pa-

tients in Sweden are genotyped for variations in the TPMT gene before thiopurine treatment to ac-

count for individual activity of TPMT, and it is also recommended by the American Food and Drug 

Administration (FDA). 

2.1.2 Protein structure and catalysis 

Several mutations of TPMT give rise to a low level of TPMT activity. Most of the mutations are posi-

tioned at evolutionary highly conserved amino acids.6 TPMT needs a co-factor to execute the cataly-

sis, which is S-adenosyl-L-methionine (SAM), which is shown in Figure 3. SAM is functioning as a me-

thyl group donor during catalysis and the co-product is S-adenosyl-L-homocysteine (SAH). Some of 

the mutations are positioned near the binding sites for SAM or the thiopurine substrates. Others are 

positioned far from the active site, but still render low TPMT activity. The nature of the mutations 

can be placed into three groups: (A) amino acids involved in structural packing by van der Waals in-

teractions (Leu49Ser, Ala80Pro, Cys132Tyr, Ala154Thr, Tyr180Phe and Tyr240Cys for example); (B) 

amino acids involved in intramolecular polar interactions (Glu28Val, Lys119Thr, Lys122Thr, 

Ser125Leu, Gly144Arg, Arg163His, Arg215His and His227Gln); and (C) amino acids involved either 

directly or indirectly in cofactor binding (Gly71Arg, Gln42Glu). The locations of the currently known 

mutants are shown in Figure 4.7 
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Figure 3: The structure of S-adenosyl-L-methionine (SAM), which is a co-factor for TPMT. The methyl group 

positioned at the sulfur atom is transferred during catalysis. 

 

Figure 4: X-ray structure of human TPMT. Positions of known mutation sites are shown in blue, with Leu49Ser 

(*5) shown as purple spheres. Generated in PyMOL using PDB accession code 2BZG.  

Despite efforts, there is currently no structure of human TPMT that is co-crystallized with any of the 

thiopurine substrates, however, the available X-ray structure of human TPMT co-crystallized with the 

co-product SAH gives some insights on the possible catalysis mechanism. The TPMT structure shows 

an internal solvent channel with open ends on opposite sides of the protein molecule. The solvent 

channel is connected to the site where SAH is bound and it is possible for small substrates to diffuse 

into and out of the active site through this channel. In the absence of a substrate, the active site in 

the crystal structure is occupied by a five-membered water ring, which is nearly planar. This is shown 

in the crystal structure, but may not be true for the enzyme while in solution. One of the water mole-

cules is only 3.1 Å away from the part of SAH where the methyl group of SAM would be positioned. 

The 6-MP substrate modeled onto this water ring, so that the sulfur atom is positioned at the water 

molecule closest to SAH, superimposes the ring-nitrogen of 6-MP almost perfectly onto the other 
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four water molecules. This positions the sulfur atom so that it can become the nucleophile attacking 

the methyl group of SAM, in a linear arrangement typical for the SN2-mechanism used by most me-

thyltransferases.7  

This project concerns a truncated variant of TPMT, abbreviated as TPMT TR with 15 amino acids re-

moved in the N-terminus. The deletion of the N-terminus has a positive effect on the stability of the 

construct, and makes the protein less prone to aggregation. The activity towards the thiopurine sub-

strate 6-MP is not affected significantly (Wennerstrand et al., unpublished data). The construct also 

includes an N-terminal His-tag used for purification. The molecular weight of the construct is 26.6 

kDa, including His-tag.  

2.2 TPMT *5 (Leu49Ser) 

TPMT *5 is one of the protein variants of TPMT with almost undetectable activity. The mutation 

Leu49Ser is placed deep in the center of the protein molecule as shown in Figure 4. Leucine 49 is 

positioned in an α-helix called αB and directed towards the protein core. The leucine residue packs 

against aromatic and aliphatic residues from helices αB (Leu53 and Phe56), αC (Trp78 and Phe79) 

and three central β-strands β1 (Phe67), β6 (Trp150) and β7 (Leu181) as shown in Figure 5, all of 

which are important for creating the binding pocket for the co-factor and the active site. The substi-

tution of the leucine to a smaller serine introduces a polar amino acid into the packed hydrophobic 

core.7  

 

 

Figure 5: The hydrophobic site of the TPMT *5 amino acid substitution. In TPMT *5, the leucine 49 is replaced 

by a serine. Generated in PyMOL using PDB accession code 2BZG.  
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The thermal denaturation of TPMT *5 and *1 (wild type) protein monitored by circular dichroism 

(CD) spectroscopy at 222 nm indicates that the thermal stability of TPMT *5 is not significantly lower 

than for the TPMT *1.8 These results suggest that something other than a change in overall stability is 

the reason for the loss of activity for TPMT *5, such as a conformal change due to the mutation and 

thus disrupting the active site.  

TPMT has a total of five tryptophan residues, all which are involved in or close to the active site. A 

fluorescence quenching experiment of both TPMT *1 and *5 has shown that the fluorescence inten-

sity of TPMT *5 is more easily quenched. This is considered to be an effect of that the active site is 

more solvent exposed in TPMT *5 than in the TPMT wild type, due to the mutation (Wennerstrand et 

al., unpublished data). Two of these are positioned close to the mutation site as shown in Figure 5. 

Time-resolved proteolysis experiments of TPMT *1 and TPMT *5 with chymotrypsin have shown that 

the N-terminal part of the protein, i.e. the first 65 amino acids of the protein are more resistant to 

proteolysis in TPMT *5 in comparison to TPMT *1.8 The N-terminal part encloses the active site and 

results indicate that the mutation affects the active site conformation of the *5 protein variant. 

2.3 Aim of the project 

The aim of this master thesis is to investigate the consequences of introducing a small polar amino 

acid into the hydrophobic core of thiopurine methyltransferase (TPMT). Changes in local stability of 

TPMT *5 are compared to wild type protein. Above all, the aim is to investigate if the mutation gives 

an increased exposure of the structure close to the active site in TPMT *5 compared to wild type. The 

changes are monitored at atomic resolution by nuclear magnetic resonance (NMR) spectroscopy 

using the method of hydrogen exchange.  Also, changes in the dynamics of the *5 protein variant 

compared to the wild type protein are monitored with NMR relaxation experiments. 
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3 Theory 

3.1 Nuclear Magnetic Resonance Spectroscopy 

Proteins are small and therefore difficult to observe. Two methods are mainly used for imaging pro-

teins at the atomic scale, one is X-ray crystallography and the other is NMR, nuclear magnetic reso-

nance spectroscopy. In X-ray crystallography, a protein crystal is illuminated with X-ray beams, which 

through interaction with the electrons of the protein are diffracted in a specific manner, which gives 

an electron-density map of the protein. This map can be used to build up a structure of the protein. 

However, this is not the most correct illustration of the protein in solution, since the packing of the 

crystal can affect the structure. It is a static view of the protein. NMR, however, gives a view of the 

protein still in solution. NMR is based on the magnetic properties of the nucleus, which are sensitive 

to the chemical environment. This gives the opportunity to measure properties such as dynamics, 

chemical exchange or relaxation. 

3.1.1 NMR theory 

The nucleus of the atom has a magnetic moment, or spin. The nature of this magnetic moment is 

determined by the number of paired and unpaired protons and neutrons in the nucleus of the atom, 

and gives the spin quantum number I. I can have values of 0, ½, 1, 3/2, 2, ..., with values greater than 

4 being rare. The magnetic moment µ is proportional to the spin angular momentum vector, I, with a 

factor that is called the gyromagnetic ratio, γ. 

       

Different atoms have different gyromagnetic ratio which is important when performing NMR exper-

iments, it is more favorable to detect on an element with a high gyromagnetic ratio, usually 1H. The 

magnetic moment can be oriented only in 2I+1 different orientations, which outside the magnetic 

field all have the same energy. In the magnetic field, some of these orientations are more energeti-

cally favorable; this is the orientations going along the magnetic field. In NMR, atoms with I=½, such 

as 1H, 13C or 15N are most commonly used, this is because they only have two different possible orien-

tations since I=½, and therefore, when placed in a magnetic field they have two energy levels. The 

energy level corresponding to the orientation along the magnetic field is lower and more favorable 

and thus more populated, such as shown in Figure 6. It is however possible to excite the nucleus to 

the higher energy level through the use of radio frequency (RF) pulses. The frequency of the pulse is 

matching the resonance of the energy gap between the two energy levels, called the Larmor Fre-

quency. 
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Figure 6: The effect of adding an external field B0 on the orientation of the magnetic moment for a nucleus with 

I=½. The nuclei with orientation along the external field have a lower energy. The difference in energy between 

the two energy levels is given by ΔE. 

 

The difference in energy between the two energy levels is given by the equation 

               

and is proportional to the applied magnetic field B0. The resonance frequency is thus   
     

  
. Since 

1H has the second highest gyromagnetic ratio of 27.7 ∙ 107 T-1 s-1, only exceeded by its radioactive 

isotope tritium, 3H, it is common to classify NMR spectrometers not in the strength of their magnetic 

field, but in the resonance frequency of hydrogen using the spectrometer. A 600 MHz NMR spec-

trometer, for example, has a magnetic field strong enough to separate the two energy levels of hy-

drogen to 600 MHz, that is, field strength of 14.1 T. 

To induce transitions between the energy levels the applied RF pulse needs to be of the correct en-

ergy or frequency. The numbers of transitions are also dependent on the difference in population of 

the energy levels, a number that is about 1 in 104-106 for NMR. That gives the apparent view that 

only one nucleus in 104-106 is observed. This means that the NMR signal is rather weak compared to 

other spectroscopic methods. It is therefore important to optimize the signal strength, with the use 

of higher frequency spectrometers and nuclei with high gyromagnetic ratio and high natural abun-

dance, thus the importance of hydrogen for NMR. Other ways to optimize the signal is to measure at 

higher protein concentration, thus increasing the number of nuclei observed. Also, experiments are 

executed several times and the results are added to improve signal-to-noise ratio. 

There are three necessary requirements for running NMR experiments: A strong electromagnetic 

field, a source of radio frequency pulses to excite nuclei in the protein sample, and a way to detect 

the signal. The electromagnetic field is provided by a superconducting solenoid cooled with liquid 

helium. The RF pulses are generated with a sinusoidally oscillating current passing through a coil ar-

ranged around the sample so that the induced magnetic field excites the sample, provided it satisfies 

the resonance condition. The individual magnetic moments of the nuclei oscillate around the strong 

magnetic field, but cannot be detected unless being flipped into the transverse plane by a pulse as 

illustrated in Figure 7. Then the oscillation is detected as an induced current in a receiver coil also 

placed around the sample. This current is amplified and processed and presented as the NMR-signal. 

Processing involves Fourier transform to give the intensities and frequencies of the different peaks in 

the spectra.  

The pulses used for excitation causes the magnetization vector to flip. The degree that the magneti-

zation vector is changed depends on the pulse length, or the time the pulse is applied. 90° and 180° 

B0 ΔE 
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pulses are the most common. A 90° pulse is enough to flip the magnetization vector from the z-axis, 

which is the conventional equilibrium axis along the applied field in a magnet, to the xy-plane. The 

magnetization is now transverse to the applied magnetic field, were the magnetization spins around 

the z-axis while relaxing back to equilibrium. This spinning magnetization induces a current in the 

receiver coil which is the NMR signal. A 180° pulse is long enough for inverting the magnetization to 

the negative z-axis.9 

 

 

Figure 7: The magnetic moment vector oscillates around the applied magnetic field B0. This cannot be detected 

unless it is flipped to the transverse plane by a pulse. This spinning magnetization can be detected as induced 

current in the receiver coil. 

3.1.2 Chemical shift 

Since the chemical environment of the nucleus influences the magnetic properties, the resonance 

frequency is not the same for all nuclei of the same element. The resonance frequency depends 

slightly of the position of the nucleus in the molecule, or more precisely of the local electron distribu-

tion. For a single nucleus, the applied magnetic field causes the electrons of the atom to rotate, gen-

erating a magnetic field of their own, which is directed in the opposite or same direction as the ap-

plied magnetic field. This phenomenon is called shielding. In a molecule, not only the atom itself, but 

the neighboring atoms and groups in the molecule have an influence that can be either shielding or 

deshielding, due to the structure of the molecule. Thus the chemical environment of the atom is 

largely influencing the resonance frequency. The change in resonance frequency, or chemical shift, is 

measured in relation to a standard frequency and is given in ppm, parts per million, using the equa-

tion: 

      
(       )

    
 

The chemical shift is a deshielding parameter. The most shielded nucleus is thus at the lowest ppm, 

and more deshielded nuclei have a higher chemical shift. This effect is what makes NMR so valuable 

for chemists, as it allows distinguishing between different atoms of the same element in a molecule, 

or in the more extreme sense, allows separating the signals from over hundred protons in a protein. 

The chemical shift will be the same for a specific nucleus in a molecule, independent of the strength 

of the magnetic field in the spectrometer. Thus spectra from different spectrometers will be practi-

cally identical and data can be readily compared. Conventionally, NMR spectra are plotted with the 

chemical shift (and frequency) increasing from right to left. 
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When running NMR experiments, the relaxation rates R1 and R2 are important. R1, the spin-lattice 

relaxation rate or longitudinal relaxation, is the rate for the magnetic moment of the nuclei to return 

to equilibrium at the z-axis after the populations of the different states are disturbed. R2, the spin-

spin relaxation rate or transverse relaxation, is when the xy-magnetization goes to zero. R2 is associ-

ated with the time a signal is detectable. A high R1 is preferred since NMR experiments are run sev-

eral times to improve signal-to-noise ratio and the sample needs to reach equilibrium before running 

the experiment again. Thus a high R1 gives a more time-effective experiment. A low R2 rate is pre-

ferred and allows measuring the signal for a longer time, and getting more reliable data in pro-

cessing. 

When considering NMR experiments, not only the chemical shift is interesting, but also the magnetic 

interactions between nuclei. Scalar coupling, also known as spin-spin coupling or J coupling, means 

that magnetic nuclei are interacting through up to three chemical bonds. Depending on the spin of 

neighboring magnetic nuclei, the peak is split into a multiplet pattern with a distinct distance in Hz 

between the different peaks in the multiplet. At lower resolution, this is shown as line-broadening. 

Another type of coupling is the dipolar coupling, or dipolar cross relaxation, which influence neigh-

boring atoms through space. If there is internal motion, this affects the relaxation of neighboring 

nuclei, an effect also called NOE or nuclear Overhauser effect.9 

3.1.3 2D experiments 

To solve the problem with overlapping proton signals in a 1D NMR spectrum, it is possible to record 

2D NMR experiments. This is usually needed for proteins, since even small proteins often have hun-

dreds of protons. Since the magnetization of a nucleus is coupled to the magnetic nucleus next to it, 

it is possible to excite one element, for example 1H, and transfer the magnetization along the spin-

spin coupling to the neighboring magnetic nucleus up to three chemical bonds away, or by dipolar 

cross relaxation which allows the magnetization to transfer through space for distances less than 5 Å. 

When processing, a double Fourier transform is used, which gives the spectra in 2D.9 A common 2D 

experiment is HSQC (heteronuclear single quantum coherence). HSQC correlates a proton to a neigh-

boring heteronucleus, usually 15N or 13C. The 1H-15N HSQC is a useful spectrum that gives information 

on the state of the protein and if it is fully folded. This is due to that most of the protons that are 

bonded to nitrogen in the protein are the amide protons in the backbone. The experiment thus gives 

essentially one peak per amino acid in the protein. If the protein is unfolded, the amino acids have 

almost the same chemical environment and are then positioned as a large mass in the center of the 

spectrum. If the protein is fully folded, however, the amino acids have different chemical environ-

ment and the peaks in the spectrum are spread out in such a way that is specific for every single pro-

tein. The spectrum is thus often used as a fingerprint for the protein, and changes in the surrounding 

elements, such as adding a ligand, can be monitored as the peaks move upon binding. The HSQC is 

also used as a base for chemical exchange and relaxation experiments.10 

3.1.4 The TROSY experiment 

In this master thesis, a specific type of HSQC is used that is called TROSY HSQC or transverse relaxa-

tion optimized spectroscopy HSQC. In a non-decoupled HSQC, one would get four peaks for every H-

N group in the protein. This is due to the spin-spin coupling between the two magnetic nuclei. By a 

specific sequence called decoupling, the spin-spin coupling is not contributing to the spectrum and 

the four peaks become one large peak. The four peaks from sequences without decoupling are not 
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identical in their transverse relaxation rates, because of the phenomenon called dipole-dipole, chem-

ical shift anisotropy cross-correlation, and thus appear different in shape. The peak with the least R2 

relaxation rate (smallest line width) is chosen in TROSY spectra. Thus the spectral simplicity of the 

decoupled spectrum is retained and in addition transverse relaxation is optimized so that the peaks 

have smaller line widths than when using conventional decoupling, as seen in Figure 8. This is espe-

cially useful for large proteins with molecular weights of >20 kDa, such as is the case for TPMT. For 

large proteins, their molecular tumbling rate is slow, which increases the R2 relaxation, giving greater 

line width and more complicated spectra with large overlapped peaks. The TROSY sequence thus 

gives narrower line width and spectra that are easier to interpret even for larger proteins. A draw-

back with TROSY is of course that much of the obtained signal is removed, leading to a decrease in 

sensitivity for small proteins.11 

 

Figure 8: In a non-decoupled HSQC (middle), four peaks are seen due to magnetic interactions between the 

two magnetic nuclei. In a decoupled HSQC the four peaks become one large peak (left). The TROSY HSQC se-

lects the peak with the smallest line width (marked in red) and the spectra are easier to interpret even for larg-

er proteins (right). 

3.1.5 CPMG 

Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion NMR is used to probe millisecond timescale 

dynamics of the protein. The technique allows measuring the chemical exchange of a ground state 

and excited states of the protein, given that the exchange occurs at the correct timescale and that 

the excited state is populated at levels of 0.5 % or higher. It is then possible to obtain kinetic and 

thermodynamic characterization of the exchange process. The resonances of the excited states can-

not be directly observed in the NMR spectrum, but the relaxation dispersion data reports on the 

chemical shift differences between the states allowing for structural insight into the low-populated 

excited states. The excited state can for example be a folding intermediate, or a catalytic state.12,13,14 

In this thesis, CPMG data is only used to probe for differences in protein dynamics on the millisecond 

timescale, since full assignments are not available and no NMR structure is calculated. 

3.1.6 Isotope labeling of proteins 

The most abundant isotopes in natural proteins are 1H, 12C, 14N and 16O. If a nucleus has I=0 it does 

not have a magnetic moment and cannot be detected with NMR, which is the case for 12C and 16O. 

Nuclei with I higher than ½ give rise to more than two energy levels and would complicate the spec-

tra if used. 14N has I=1 which gives more than two energy levels. To be able to detect nitrogen and 

carbon, 15N and 13C, which both have I = ½, have to be incorporated to the protein during expres-

sion.9 They are incorporated by using a minimal medium for bacterial cell growth and expression. In 
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this medium the sources of nitrogen, carbon and various salts are controlled. If 15NH4Cl is added to 

the medium as the only nitrogen source, all nitrogen in the cells and proteins will be 15N. For uniform 

incorporation of 13C, 13C-glucose is used. 

If a sample is expressed in D2O minimal medium instead of H2O, certain positions in the protein will 

have 2H inserted instead of 1H, thus enabling for more sensitive experiments due to lowered trans-

verse relaxation. The carbon and nitrogen sources will be deuterated in the medium due to the hy-

drogen exchange mechanism. Thus after expression the entire protein will have deuterium instead of 

hydrogen. During purification the protein will be exposed to hydrogen since the purification will be 

done in H2O, and the deuterium attached to nitrogen will exchange back to hydrogen due to hydro-

gen exchange. However, in proteins, the Cα is almost non-exchangeable, and this nucleus will stay 

deuterated. This type of protein with the non-exchangeable carbons deuterated is called perdeuter-

ated. 15,16 

3.1.7 3D experiments and assignments 

To be able to know in spectra which peak that correspond to which amino acid in the sequence, the 

peaks must be assigned. This assignment is necessary to be able to get the specific results of experi-

ments translated to the atomic level, i.e. which atom in the protein is responsible for the measured 

results. Assignments are frequently achieved through a method called sequential assignment. The 

sequential assignment is made with several experiments which correlate several nuclei in the amino 

acid and the amino acid before, through means of one bond J coupling. The 3D experiments most 

often applied are HNCA, HNCACB and HN(CA)CO. The nomenclature of the experiments is simple, 

HNCA for example correlates the 1H, 15N and Cα from residue i, and also the Cα from residue i-1 is 

shown. The parenthesis show atoms which the magnetization is transferred via, but not detected on, 

see Figure 9. Since each chemical shift for hydrogen and nitrogen has two peaks with the Cα chemical 

shift from residue i and i-1, a series of complementary experiments are often acquired. Correlating to 

the experiments mentioned before are the HN(CO)CA, CBCA(CO)NH  and HNCO, which only gives the 

peaks for residue i-1. Overlay of the HN(CO)CA with the HNCA can thus identify which peak that be-

long to residue i and i-1 in the HNCA. A summary of the correlations of these experiments are shown 

in Table I. The reasoning is the same for the other experiments. The experiments make it possible to 

step through the sequence, one amino acid after another using amino acids that have easily distin-

guishable chemical shifts as starting points.15 

Table I: Summary of correlations for 3D experiments commonly used for sequential assignment. 

Experiment Correlates nuclei Experiment Correlates nuclei 

HNCA N (i), H (i), Cα (i) 

N (i), H (i), Cα (i-1) 

CBCA(CO)NH   N (i), H (i), Cα (i-1) 

N (i), H (i), Cβ (i-1) 

HN(CO)CA N (i), H (i), Cα (i-1) HN(CA)CO N (i), H (i), CO (i) 

N (i), H (i), CO (i-1) 

HNCACB N (i), H (i), Cα (i) 

N (i), H (i), Cα (i-1) 

N (i), H (i), Cβ (i) 

N (i), H (i), Cβ (i-1) 

HNCO N (i), H (i), CO (i-1) 
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Figure 9: A dipeptide segment of the protein backbone, with a schematic diagram of the correlated nuclei from 

HNCA. Nuclei for which the chemical shift is measured in the experiment are shown in black circles. 

  

For perdeuterated samples which have 2H incorporated at aliphatic and aromatic positions it is possi-

ble to gain extra sensitivity in the experiment since the transverse relaxation on 13C and 1H is greatly 

lowered. The decrease in transverse relaxation is due to the lower influence of the scalar coupling 

from the protons that normally is attached to Cα and Cβ, due to the lower gyromagnetic ratio of 2H 

compared to 1H. In this thesis, partially deuterated samples are used to obtain the extra sensitivity 

needed in 3D NMR experiments for assignments, due to the large size of the protein. Thus specific 

experiments have been used to gain the most extra sensitivity, such as the HN(CA)CB and 

HN(COCA)CB experiments used in this thesis. See Figure 10 for a diagram of the magnetization trans-

fers for the HN(CA)CB experiment.16 

 

Figure 10: A dipeptide segment of the protein backbone, with a schematic diagram of the correlated nuclei 

from HN(CA)CB. Nuclei that are involved in the magnetization transfer pathway but not observed are marked 

with red circles. Nuclei for which the chemical shift is measured in the experiment are shown in black circles. 

3.1.8 Hydrogen exchange 

The proton attached to nitrogen in a protein is acidic to some extent, and can be exchanged with a 

proton from the solvent. The exchange can occur with both acid and base catalysis. If the solvent is 

composed of D2O instead of H2O, a deuteron will be inserted instead of the proton. In NMR experi-

ments that detect protons but not deuterons, the peaks in the NMR spectra will disappear. However, 

in proteins, amide protons are often involved in hydrogen bonding, which protects the proton from 

being exchanged. A fraction of the protons exchange rapidly, approximately at the rate observed for 

model amides, which is consistent with the amide group being on the surface of the protein. 

The protons involved in hydrogen bonding can then only be exchanged if the hydrogen bond is bro-

ken, either by a local, subglobal or global unfolding event. See Figure 11 for schematic overview of 

the different unfolding pathways. These events are seen as an opening or “breathing” of the formerly 

closed hydrogen bond, so that exchange can occur, which is the most accepted model.17 
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Figure 11: (A-C) Schematic drawings explaining the differences between local (A), subglobal (B) and global (C) 

unfolding pathway for hydrogen exchange suggested by the “breathing” model for hydrogen exchange. The 

rate determining step is the unfolding, which can be of variable size, since the hydrogen must be accessed in 

order to be exchanged. Local unfolding is for example breakage of a hydrogen bond, while subglobal unfolding 

might be the mutual unfolding of a structural element such as a α-helix. The protons that exchange at the 

slowest rate give a measurement of the global unfolding stability.  

 

The model is expressed as follows: 

  (      )  
   

   
     (    )

   
→   (         ) 

This leads to the equation kex = kop ∙ krc/(kcl + krc) where kex is the observed exchange rate, kop is the 

rate of opening of the structure, kcl the rate of closing and krc the rate of exchange for a random 

coil.18 Values of krc are measured for a racemic poly-alanine peptide.19 Thus the measurement of hy-

drogen exchange rates can give information on the presence or absence of hydrogen bonds, stability 

and dynamics.18,20 

The exchange rates are generally considered based on the condition determining the rate. The EX1 

mechanism requires that krc > kcl and that the rate determining step therefore is the opening of the 

structure. Then the observed exchange rate kex is directly giving the rate of opening of the structure. 

This mechanism is observed only under certain conditions such as high pH, where hydrogen ex-

change is very rapid and no longer rate-limiting. The EX2 mechanism is applied if krc < kcl and the ob-

served exchange rate kex = K ∙ krc, where K = kop/kcl is the equilibrium constant for the local unfolding 

process. This mechanism is demonstrated by protein under most conditions and is the mechanism 

that is assumed in this master thesis.21 

The free energy of the opening reaction can be determined using the equation 

                 (      ⁄ ) 

It has been shown that the exchange rate of the amino acids with very slow exchange give values of 

ΔG corresponding well to the ΔG of the global unfolding reaction from traditional temperature or 
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chemical denaturation experiments. Thus it is believed that these protons are so well protected that 

their only opportunity for exchange is during the small fraction of time that the protein visits the 

globally unfolded state.17 The more rapidly exchanging amide protons exchange through a more 

commonly occurring local or subglobal unfolding event, such as the breakage of a single hydrogen 

bond, or a mutual unfolding of a small protein segment, for example an α-helix. Se Figure 11 for a 

schematic overview of the different unfolding pathways.17,20 The hydrogen exchange can be used to 

obtain information regarding the local stability of the different segments of the protein, and also 

determining cooperative unfolding units. Also, the hydrogen bonding network of the protein can be 

illustrated since protons involved in hydrogen bonding are less active in hydrogen exchange. In this 

thesis, the method is used to probe for differences in local stability when introducing a mutation.17,20 

The values of ΔG calculated by this method will be positive since the method examines the unfolding 

pathway and not the folding pathway, which would give negative values of ΔG. 

To measure the hydrogen exchange rates in this thesis, a series of HSQC experiments is conducted 

and since deuterium is not visible in spectra, the intensity of a peak will decrease over time, with a 

decay rate that is the kex, hydrogen exchange rate. 

3.1.9 The CLEANEX-PM HSQC experiment 

Another experiment for measuring fast hydrogen exchange called CLEANEX-PM HSQC, Phase-

Modulated CLEAN Chemical EXchange was also used.22 This experiment selectively excites the sol-

vent, and detects on the amide proton of the protein, thus measuring only the protons that have fast 

enough hydrogen exchange to be exchanged for a solvent proton during the mixing time, see Figure 

12. A reference experiment is conducted without use of the CLEANEX-PM pulse sequence. The inten-

sity for a peak from CLEANEX-PM HSQC is divided by the intensity of the reference experiment, and 

the ratio is fitted to an appropriate equation and used for calculations of initial slope by calculating 

the derivative at time zero, which is kex. The CLEANEX-PM pulse sequence is also used for eliminating 

various unwanted contributions from for example NOE. The results may be corrected for the effect of 

water saturation.23  

 

Figure 12: Basic principle of the CLEANEX-PM HSQC experiment. A pulse selectively excites the magnetization 

on the water molecules. Due to hydrogen exchange, some protons will be transferred to the protein during the 

mixing time of the experiment, and detected. Thus only the protons with fast enough hydrogen exchange rate 

for the exchange to occur during the mixing time will be detected.  
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4 Materials and Methods 

4.1 Chemicals 

All chemicals were of reagent grade or higher. 

4.2 Mutagenesis of TPMT *1 TR to TPMT *6 TR and TPMT *8 TR 

Mutagenesis was attempted twice according to the Stratagene QuikChange Site-Directed Mutagene-

sis Kit, with the pET28-LIC vector containing TPMT *1 TR fused with a His-tag as template. Forward 

and reverse primers for the mutations *6 (Tyr180Phe) and *8 (Arg215His) was generously provided 

by Lars-Göran Mårtensson (Department of Physics, Chemistry and Biology, Linköping University). The 

polymerase chain reaction (PCR) cycle was 95 °C (30 s) – [95 °C (30 s) – 55 °C (1 min) – 68 °C (6 min)] x 

16 – 6 °C (∞). The pWhitescipt plasmid was used as PCR control. Following PCR, samples were ana-

lyzed on a 0.7% TAE agarose gel (0.7 g/L agarose, 4.84 g/L Tris, 1 mM EDTA, 0.114% (v/v) acetic acid, 

pH 7.6) at 135 V, while the rest of the sample was treated with DpnI (0.2 U, 1 h, 37 °C). 

XL-1 Blue cells were thawed on ice. DpnI treated sample plus a transformation control using the 

TPMT *1 TR plasmid as template were added to one separate tube containing competent cells and 

incubated on ice for 30 min. DpnI cleaved PCR product not used for transformation was stored at -20 

°C. Transformation was conducted using heat shock protocol. Thereafter the transformed TPMT *6 

TR, TPMT *8 TR and transformation control cell samples was plated on LB agar plates (30 µg/ml kan-

amycin). Onto one LB agar plate (30 µg/ml kanamycin) a solution of LB and IPTG/X-gal (50 mg/ml 

IPTG, 40 mg/ml X-gal) was added and the plate was incubated for 30 min in 37 °C and used to plate 

the PCR control cell sample. The plates were then incubated over night at 37 °C. 

The second time the mutagenesis was conducted, electroporation into electrocompetent E. coli BL21 

CodonPlus (DE3) RIL cells (Stratagene) was used as an alternative to heat shock transformation. 

Three different concentrations of PCR product were added to an aliquot of cells and transferred to an 

electroporation cuvette. For both TPMT *6 TR and *8 TR, 12.5% (v/v) of DpnI treated PCR product 

was used. In addition, for TPMT *6 TR, DpnI treated PCR-product was diluted using Milli-Q H2O, and 

the diluted solution was used for electroporation (1.1% and 0.35% (v/v) of DpnI treated PCR prod-

uct).  After electroporation, LB was added to the electroporation cuvette and incubated at room 

temperature for 30 min, then plated onto LB agar plates (30 µg/ml kanamycin) and incubated over 

night at 37 °C. 

For plates showing colonies after transformation, colonies were transferred to second selection LB 

agar plates (30 µg/ml kanamycin) and incubated over night at 37 °C. Colonies from the second selec-

tion plates were transferred to LB. The cultures were grown over night at 37 °C with vigorous shak-

ing. Cultures that showed cell growth were centrifuged into eppendorf tubes. A part of the cell cul-

ture was dissolved in approximately 50% glycerol and stored at -20 °C. The rest of the cell culture was 

used to extract DNA from the cells using the QIAGEN QIAprep Spin Miniprep Kit according to instruc-

tion manual. Samples were analyzed on 0.7 % TAE agarose gel at 135 V. 

4.3 Plasmid preparation of TPMT *5 TR 

E. coli BL21 CodonPlus (DE3) RIL cells (Stratagene) containing the pET28-LIC vector with the gene for 

human TPMT *5 TR fused with a His-tag were generously provided by Patricia Wennerstrand and 
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Lars-Göran Mårtensson (Department of Physics, Chemistry and Biology, Linköping University). Two 

parallel cultures were grown over night in LB (12 µg/ml tetracycline, 30 µg/ml kanamycin). Cell cul-

tures were transferred into sterile eppendorf tubes. GeneJet Plasmid Miniprep Kit (Fermentas) was 

used according to instructions to extract plasmid DNA from the cell pellet. DNA concentration was 

measured at 260 nm and the purity of the obtained plasmid solution was evaluated using agarose gel 

electrophoresis (0.7% TAE agarose gel, 135 V). 

4.4 Cell growth using minimal media 

Plasmid vector pET28-LIC containing TPMT *1 TR fused with a His tag was generously provided by 

Patricia Wennerstrand and Lars-Göran Mårtensson (Department of Physics, Chemistry and Biology, 

Linköping University). For samples of TPMT *5 TR, the plasmid obtained from the previously de-

scribed plasmid preparation was used. 

Plasmid DNA containing the desired TPMT gene was applied to an aliquot of electrocompetent E. coli 

BL21 CodonPlus (DE3) RIL cells (Stratagene) and transferred to an electroporation cuvette. Transfor-

mation was carried out using electroporation. LB was immediately added and the mixture was incu-

bated for 30 min at room temperature, then plated onto LB agar plates (12 µg/ml tetracycline, 30 

µg/ml kanamycin and 50 µg/ml chloramphenicol) and incubated overnight at 37 °C. One colony was 

selected, dissolved in LB and plated onto LB agar plates (12 µg/ml tetracycline, 30 µg/ml kanamycin 

and 50 µg/ml chloramphenicol) and incubated over night at 37 °C for a second selection for the cor-

rect construct. 

Starter cultures (25 ml or 50 ml) of LB (30 µg/ml kanamycin and 50 µg/ml chloramphenicol) with 2 

mM MgSO4, 0.2 mM CaCl2 and a mix of trace metals added was inoculated with a few colonies from 

the second selection plate to an optical density at 600 nm (OD600) ~0.02. The cultures were grown at 

37 °C with gentle shaking until OD600 ~0.2, when the same amount of antibiotics as before was added 

to ensure that the right cells were present in the cultures. When OD600 ~0.8 the cells were harvested 

by centrifugation (4000 rcf, 10 min). Cell pellets were dissolved in M9 minimal medium (6 g/L 

Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, pH 7.4) and used to inoculate M9 starter cultures (100 ml, 30 

µg/ml kanamycin, 50 µg/ml chloramphenicol, 5 mM MgSO4, 0.2 mM CaCl2 and trace metals) to an 

OD600 ~0.2. In order to obtain the 15N isotope labeling necessary for NMR, 0.5 g/L 15NH4Cl was added 

to the M9 minimal medium. For samples also labeled with 13C, the source of glucose was 2 g/L 13C-

glucose, which in samples not labeled with 13C was replaced by 4 g/L ordinary 12C-glucose. See Table 

II for full account of the additives used. The M9 starter cultures were preheated at 37 °C prior to in-

oculation, and incubated at 37 °C with gentle shaking until OD600 ~1, when the starter cultures were 

transferred to preheated minimal medium to a total volume of 1000 ml or 500 ml. At OD600 ~0.7-0.8 

after further incubation at 37 °C with gentle shaking, the cultures were induced with 1 mM Isopropyl 

β-D-1-thiogalactopyranoside (IPTG) to start expression of TPMT. Expression was carried out at lower 

temperatures, ~16-20 °C, for 18-20 h. Samples were collected for analysis on SDS-PAGE gel. SDS-

samples were boiled at 98 °C for 30 min and analyzed using SDS-gel electrophoresis at 200 V, to en-

sure the expression of TPMT. The gel was stained using Simply BlueTM safestain (Invitrogen). 

The cells were harvested by centrifugation (4000 rcf, 30 min, 4 °C) and the cell pellet was dissolved in 

lysis buffer (20 mM Tris-HCl pH 8.0, 250 mM NaCl, 5 mM imidazole, 5% glycerol, 2 mM β-

mercaptoethanol). Protease inhibitors were added and the samples were stored at -80 °C awaiting 

purification. 
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Table II: The additives to growth media used for bacterial cell growth of non-perdeuterated samples. 

LB starters M9 minimal medium (pH 7.4) 

30 µg/ml kanamycin 5 mM MgSO4 

50 µg/ml chloramphenicol 2 mM CaCl2 

2 mM MgSO4 Trace metals a 

2 mM CaCl2 30 µg/ml kanamycin 

Trace metals a 50 µg/ml chloramphenicol 

 0.5 g/L 15NH4Cl 

 4 g/L glucose or 2 g/L 13C-glucose 

 1% (v/v) MEM vitamin stock solution 

 0.1% (v/v) LB (Only for the starter cultures) 

a
 Trace metals used are: Fe, Cu, Mo, B, Mn, Zn, Co, Ni. 

4.5 Cell growth for partially deuterated samples 

A partially deuterated sample was made for TPMT *5 TR using the plasmid acquired through the pre-

viously described plasmid preparation. This culture was prepared and handled as described above 

with a few exceptions. The M9 salts (6 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl) were weighed in and 

dissolved in D2O, with addition of trace metals and vitamins shown in Table III. 15NH4Cl and 13C-

glucose were added to obtain the aimed isotope labeling of 15N, 13C. The individual steps of the cul-

ture growth had a lower rate as was expected in D2O. Total volume of the large D2O M9 culture was 

500 ml. pD was adjusted according to the equation pDcorr = pDread + 0.4.24 

Table III: The additives of the growth media used for bacterial cell growth of partially deuterated samples.  

LB starters M9 minimal medium (pDcorr 7.4) 

30 µg/ml kanamycin 5 mM MgSO4 from D2O-stock 

50 µg/ml chloramphenicol 2 mM CaCl2 from D2O-stock 

2 mM MgSO4 Trace metals from D2O-stock a 

2 mM CaCl2 30 µg/ml kanamycin from D2O-stock 

Trace metals a 50 µg/ml chloramphenicol 

 0.5 g/L 15NH4Cl 

 2 g/L 13C-glucose 

 10-20 mg/L biotin and 10-20 mg/L thiamine 

 0.1% (v/v) LB (Only for the starter cultures) 

a
 Trace metals used are: Fe, Cu, Mo, B, Mn, Zn, Co, Ni. 

4.6 Protein purification 

Cells from cell culture were thawed on ice and DNAse was added to digest DNA present in the solu-

tion. Sonication (3x1min, 5 s pulse on, 10 s pulse off, 15% amplitude) to lyse the cells was followed by 
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centrifugation (10000 rcf, 40 min, 4 °C) to give the protein in the supernatant, which was filtered 

through a 0.45 µm membrane. 

A HisTrap HP 5 ml column, containing Ni2+ to bind His-tagged proteins, was equilibrated with lysis 

buffer (20 mM Tris-HCl pH 8.0, 250 mM NaCl, 5 mM imidazole, 5% glycerol, 2 mM β-

mercaptoethanol). The filtered supernatant was added to the column, and washed by lysis buffer and 

wash buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM imidazole, 5% glycerol, 2 mM β-

mercaptoethanol) until transparent Bradford test. Bound TPMT was eluted with elution buffer (20 

mM Tris-HCl pH 8.0, 150 mM NaCl, 500 mM imidazole, 5% glycerol, 2 mM β-mercaptoethanol) until 

transparent Bradford test. 

The eluate was dialyzed against 2 × 5 L Q equilibration buffer (20 mM Tris-HCl pH 8.0, 15 mM NaCl, 

5% glycerol, 2 mM β-mercaptoethanol) at 4 °C overnight. 

A HiTrap 5 ml Q FF column, which is an anion exchange column, was equilibrated with Q equilibration 

buffer. The dialyzed eluate from the HisTrap column was added, and bound TPMT was immediately 

eluted using Q elution buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 5% glycerol, 2 mM β-

mercaptoethanol) until transparent Bradford test. 

Eluate from the Q column was dialyzed against 2 × 5 L NMR buffer (20 mM KPi pH 7.3, 75 mM NaCl, 

2% glycerol, 2 mM β-mercaptoethanol) at 4 °C overnight. 

4.7 Concentration and preparation of NMR-samples 

The dialyzed eluate from Q column was concentrated in a Millipore Amicon Ultra-15 Centrifugation 

tube (10 kDa molecular weight cutoff). Aliquots of 500 µl were used for 15N-labeled samples, and 0.5 

mM TCEP and 0.05% NaN3 was added. The samples were flash-frozen in liquid nitrogen, lyophilized 

and stored at -80 °C. 

Before NMR experiments, the sample was taken from -80 °C and equilibrated to room temperature, 

appropriate medium added (90% H2O/10% D2O if not otherwise stated) and the sample was trans-

ferred to a NMR tube and put in the NMR spectrometer. Due to immediate aggregation of TPMT *5 

TR when adding solvent, the sample was centrifuged to remove precipitate before transfer to the 

NMR tube. 

For double (15N 13C) and triple (15N 13C 2H) labeled samples the samples were concentrated to a vol-

ume of ~270-300 µl to obtain the necessary NMR concentrations. For these samples the dialyzed 

eluate from Q column was diluted by 11% (v/v) D2O so the solvent in the samples was 90% H2O and 

10% D2O, thus also changing the buffer concentrations. After concentration in Millipore Amicon Ul-

tra-15 Centrifugation tube, 0.05% NaN3 was added and the samples were stored at 4 °C awaiting 

NMR-experiments. Prior to experiments the sample was transferred to a Shigemi NMR tube.  

Samples for SDS-gel electrophoresis were prepared from all steps of the purification using equal 

amounts of protein solution and 3 × SDS loading buffer. The samples were boiled for 10-20 min and 

applied to SDS-gel. Electrophoresis was conducted at 200 V, and the protein was then stained using 

Simply BlueTM safestain (Invitrogen). 
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4.8 NMR 

All NMR experiments were conducted on a Varian 600 MHz spectrometer with cryoprobe. All calibra-

tions of pulse widths were done according to customs and instructions. The data was processed with 

nmrPipe and nmrDraw25 and integration of peak volumes was done using PINT26. The spectra were 

visualized using Sparky27. Curve-fitting was done using PINT if needed. For CLEANEX-PM HSQC, the 

curve-fitting was acquired using a separate in-house program. All NMR experiments were done at 25 

°C and used TROSY variant pulse sequences. The 1H-15N TROSY HSQC used in this thesis employed 

gradient sensitivity enhancement, selective pulses for water suppression and active suppression of 

the rapidly relaxing components.28,29  

Triple resonance experiments were conducted on a partially deuterated triple labeled (15N 13C 2H) 

TPMT *5 TR sample of concentration of approximately 0.3 mM. Experiments used were HNCA, 

HN(CO)CA, HN(CA)CB, HN(COCA)CB, HNCO and HN(CA)CO.  

4.8.1 Hydrogen exchange 

H/D exchange was initiated by dissolving the lyophilized 15N-labeled protein sample with a concen-

tration of 0.3 mM in pure D2O. All NMR parameters were set using a mock sample. The first 1H-15N 

HSQC was initiated 12 min after addition of D2O for TPMT *1 TR and 17 min for TPMT *5 TR, due to 

the time needed to remove the precipitate. 98 spectra were acquired during the first 48 h and an-

other spectrum were collected after 166 h for TPMT *1 TR and 142 h for TPMT *5 TR. 

The first NMR spectrum in each experiment series was transformed and phase corrected, and the 

same values were then used for the other spectra in the same experiment. Integrated peak volumes 

was fitted to the equation I = I0 ∙ e
(-kex ∙ t). 

CLEANEX-PM HSQC was used to measure fast hydrogen exchange.22,23 Experiments were conducted 

using a 15N protein sample of 0.3 mM concentration. Mixing times used was 0 ms, 9.66 ms, 19.33 ms, 

38.66 ms and 64.44 ms.  The measured peak intensities were then divided by the peak intensity in a 

reference experiment without the CLEANEX-PM pulse sequence, basically a TROSY HSQC, and the 

ratio was used for calculating kex using initial slope analysis of a hyperbolic tangent equation. The 

values were not corrected for water saturation in this thesis.  

4.8.2 Relaxation experiments 

Relaxation experiments for measuring R1, R2 and NOE were conducted on a 15N labeled protein sam-

ple of 0.3 mM concentration, using pulse sequences with TROSY-variants of the normal experiments 

for measuring 15N R1, 
15N R1ρ and 15N NOE.30 R2 was calculated from R1 and R1ρ.31 

A 15N CPMG experiment was conducted for TPMT *5 TR using a 15N labeled sample of concentration 

0.3 mM. 12,13 

4.8.3 Sample stability of the protein variants 

A 1H-15N HSQC was recorded prior to all more time consuming experiments, and also after the last 

experiment in a series. The measured peak intensities were monitored individually for the different 

peaks and fitted to the equation y=y0 ∙ e
(-A ∙ t). When not in the NMR spectrometer, the samples were 
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kept at room temperature. The half-life of the protein variant was calculated with the equation t1/2 = 

ln(2)/A where A is the decay rate calculated before. 

The initial aggregation of TPMT *5 TR was quantified by measuring the concentration prior to lyophi-

lization and after centrifugation of the precipitate after dissolving the protein for a TPMT *5 TR 15N 

sample. 
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5 Results 

5.1 NMR 

HSQC spectra from both variants show significant changes between the two as seen in Figure 13. Less 

peaks are seen in the spectrum of TPMT *5 TR compared to that of TPMT *1 TR, and several peaks 

have changed their position. More peaks are in the center region of the spectrum in TPMT *5 TR 

while less peaks are spread out, indicating a less ordered structure than for TPMT *1 TR. Fewer tryp-

tophan side-chains are seen in the spectrum for TPMT *5 TR in comparison with the wild-type, nor-

mally positioned at the bottom left corner of the spectrum in a fully folded protein.  

 

 
Figure 13: Overlay of HSQC spectra from TPMT *1 TR in green and TPMT *5 TR in red. 

5.1.1 Resonance assignments for TPMT *5 TR 

Due to the large differences between the HSQCs of TPMT *5 TR and TPMT *1 TR as shown in Figure 

13, it was concluded that 3D NMR experiments were needed to obtain assignments for TPMT *5 TR 

separately. TPMT *5 TR was tricky to concentrate, and much likely to aggregate. The triple labeled 

samples do not need the same high levels of concentrations as needed for non-perdeuterated sam-

ples, due to the gained extra sensitivity of the data acquired. Data analysis of 3D experiments for 

TPMT *1 TR have shown that this extra sensitivity is needed for this protein. 

From the acquired HNCA, HN(CO)CA, HN(CA)CB, HN(CACO)CB, HN(CA)CO and HNCO a total of 81 

amino acids of the TPMT *5 TR could be assigned. Of the total construct of 230 amino acids, His-tag 

excluded, this gives a 37% backbone assignment for non-proline residues. The experiments were 

conducted on a partially deuterated sample of rather low concentration of 0.3 mM. Sequential as-
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signment by linking together Cα, Cβ and CO from the residues was helped by using starting points of 

amino acids that overlapped from TPMT *1 TR and TPMT *5 TR. Also several easily distinguishable 

amino acids such as glycine or alanine were used as starting points. The results of the sequential as-

signment of TPMT *5 TR are presented in Figure 14. 

 

Figure 14: The residues assigned for TPMT *5 TR at current date illustrated colored blue using the X-ray struc-

ture. Generated in PyMOL using PDB accession code 2BZG. Residues that are not assigned are shown in gray. 

 

5.1.2 Hydrogen exchange 

The first acquired HSQC after dissolving the lyophilized protein in D2O for both TPMT *1 TR and TPMT 

*5 TR is shown in Figure 15A. Fewer peaks are visible in the TPMT *5 TR spectrum than in the TPMT 

*1 TR spectrum. The spectra from CLEANEX-PM HSQC using a mixing time of 64.44 ms for both vari-

ants of the protein are shown in Figure 15B. In this spectrum, more peaks are visible for TPMT *5 TR. 

In general, fewer peaks in the H/D-exchange mean that due to a change in local stability, the ex-

change is too fast to be captured in this experiment. As seen when comparing Figure 13 and Figure 

15A, a lot of peaks disappear rapidly after dissolving the protein in D2O due to the fast exchange for 

both protein variants. This can also be seen for the CLEANEX-PM HSQC in Figure 15B, where more 

peaks are detected for TPMT *5 TR than for TPMT *1 TR, which means more amino acids have a fast 

exchange rate for TPMT *5 TR, also related to a change in local stability. 
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Figure 15: NMR spectra with TPMT *1 TR shown in green and TPMT *5 TR in red. (A) Overlay of the first HSQC 

acquired after solvating the lyophilized protein in D2O for the hydrogen exchange experiments. Fewer peaks 

are visible for TPMT *5 TR than for TPMT *1 TR, indicating faster hydrogen exchange rates for TPMT *5 TR. (B) 

Overlay of the spectra from CLEANEX-PM HSQC with mixing time 64.44 ms.  

 

Hydrogen exchange for four residues of TPMT *1 TR with various exchange rates from H/D-exchange 

are plotted in Figure 16, as well as measured intensity ratios for two residues of TPMT *1 TR from the 

CLEANEX-PM HSQC experiment. Note that one data point is acquired after approximately 166 h, or 

10000 min, and used for extrapolation of the decay curve. At first glance, Ala80 might seem to have 

   A 

   B 
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the same decay rate as Ser85, but this is not true due to the different time scales. Ala80 and Ser85 

have a calculated decay rate of 1.32 ∙ 10-3 and 1.90 ∙ 10-3 min-1 respectively, both considered inter-

mediate exchange rates. Ala80 is the mutation site for the known mutation *2 (Ala80Pro) and is posi-

tioned in a α-helix. Val86 (exchange rate 4.64 ∙ 10-5 min-1, considered slow exchange) and Ser85 are 

positioned in the central β-sheet, however Ser85 is positioned closer to a loop. Phe66 is positioned in 

the middle of the central β-sheet and still has a decay rate of 3.29 ∙ 10-2 min-1, considered intermedi-

ate exchange. For CLEANEX-PM HSQC, it is important to remember that the experiment selectively 

excites the solvent protons, and detecting the magnetization on the backbone amide protons. Thus, 

only the protons of amino acids with high enough exchange rate that the exchange can occur during 

the mixing time are detected, as shown in Figure 12. The intensity of the peak should increase when 

increasing the mixing time, as is shown for the amino acids Thr101 and Ser106 in Figure 16 (E-F). 

These amino acids are positioned on the surface of the protein facing the solvent, which would sug-

gest that their exchange rates are fast as also calculated (393 min-1 and 480 min-1 respectively). 

From the fitted curves, the hydrogen exchange rates of the amino acid are calculated as described 

earlier. The hydrogen exchange rates for assigned residues of both variants are shown in Figure 17A. 

Figure 17A shows a higher percentage of fast exchanging protons (> 1.0 min-1) for TPMT *5 TR than 

for TPMT *1 TR. The ratio of exchange rates for TPMT *5 TR divided by exchange rates for TPMT *1 

TR are displayed in Figure 17B. Note the logarithmic y-axis in Figure 17 (A and B). Only residues as-

signed for both variants are considered for the comparison in Figure 17B. A majority of the exchange 

rate ratios in Figure 17B are above 2, in this thesis considered to be a large increase in hydrogen ex-

change rate.  

To observe the changes in local stability, the values of kex of the assigned amino acids are illustrated 

using the x-ray structure presented earlier. This is shown for assigned residues of TPMT *1 TR and 

TPMT *5 TR in Figure 18. Values of kex below 2 ∙ 10-4 min-1 were considered slow exchange, values 

between 2 ∙ 10-4 and 1.0 min-1 were considered intermediate exchange and values of kex above 1.0 

min-1 were considered fast exchange. Also, the ratio of the hydrogen exchange rates for residues 

assigned in both TPMT *1 TR and TPMT *5 TR is plotted onto the x-ray structure in Figure 17C. Here, 

ratios lower than 0.5 or higher than 2 are considered a large decrease or increase in exchange rate 

respectively. The ratios between 0.5 and 2 are considered not changing in exchange rate. In Figure 

18, the two α-helices to the right in front of the central β-sheet (arrows) exhibit a change in hydrogen 

exchange rate. As shown in Figure 17C, several residues in this area (black arrows) show a large in-

crease in hydrogen exchange rate (ratio > 2). However, two residues (Asp162 and Tyr166) show a 

large decrease (ratio of 0.025 and 0.024 respectively) in hydrogen exchange rate by changing from an 

intermediate hydrogen exchange rate in TPMT *1 TR to a slower exchange rate in TPMT *5 TR. Figure 

17C also illustrates that the slowly exchanging protons in the central β-sheet of the protein (red ar-

rows) are more available for exchange in the TPMT *5 TR than in TPMT *1 TR.  
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Figure 16: (A-D) Plotted time course of hydrogen exchange for several residues of TPMT *1 TR. One dot in the 

graph corresponds to the intensity of the peak in a single HSQC experiment. A single data point was acquired 

after approximately 10000 min for extrapolation of the exponential decay for a larger time frame. The decay 

rate of the fitted exponential curve is the hydrogen exchange rate. The first data point is not at zero min as 

shown in B. This is due to the time from dissolving the protein in D2O until the first HSQC is finished. Ser85 and 

Val86 are positioned in the central β-sheet, with Ser85 closer to a loop. Ala80, which also is the mutation site 

for the *2 mutation (Ala80Pro), is placed in a α-helix, while Phe66 is actually placed in the center of the β-

sheet, but still have an intermediate hydrogen exchange. (E-F) Plotted increase in intensity ratio in CLEANEX-

PM HSQC for two residues of TPMT *1 TR together with the fitted hyperbolic tangent function, which is used to 

obtain the hydrogen exchange rate by calculating the derivative at time zero, which is kex. The CLEANEX-PM 

HSQC experiment is so constructed that a larger mixing time gives more time for hydrogen exchange to occur 

and thus more signal to detect. Thr101 and Ser106 are both positioned on the surface of the protein pointing 

out to the solvent. 

 

A B 

C D 

E 
F 
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Figure 17: (A) Hydrogen exchange rates for assigned residues of TPMT *1 TR and TPMT *5 TR. TPMT *1 TR is 

shown as red stars and TPMT *5 TR as bars. Note the logarithmic y-axis. A higher percentage of protons exhibit 

fast exchange (> 1.0 min
-1

) for TPMT *5 TR in comparison with TPMT *1 TR. The large gaps in between values 

shown are due to lack of assignment and not due to low values. (B) Ratio of the measured hydrogen exchange 

rates. Only residues assigned in both TPMT *1 TR and TPMT *5 TR are used. The exchange rate for TPMT *5 TR 

is divided by the exchange rate for TPMT *1 TR. Note the logarithmic y-axis. A majority of the residues show a 

ratio above 2, considered a large increase of exchange rate. (C) The ratio of the value of kex plotted onto the 

crystal structure, generated in PyMOL using PDB accession code 2BZG. Areas shown in gray are parts with data 

not available for either TPMT *1 TR or TPMT *5 TR and the *5 mutation is shown as purple spheres. Ratio be-

low 0.5 is shown as blue, ratio between 0.5 and 2 as yellow and considered not changing, and a ratio higher 

than 2 is shown in red. A ratio lower than 0.5 or higher than 2 is considered a large decrease or increase in 

exchange rate respectively. Helices in front of the central β-sheet close to the mutation site (black arrows), 

have visible differences between the two variants. Several residues in this region exhibit faster hydrogen ex-

change in TPMT *5 TR in comparison with TPMT *1 TR, shown in red. However, two residues in this region 

(colored blue) have slower exchange rate for TPMT *5 TR in comparison with TPMT *1 TR. Several residues in 

the central β-sheet (red arrows) exhibit a higher exchange rate in TPMT *5 TR compared to TPMT *1 TR. 

A B 

C 
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Figure 18: Plotted values of kex of the assigned amino acids for TPMT *1 TR (left) and TPMT *5 TR (right). Values 

of kex below 2 ∙ 10
-4

 min
-1

 are colored blue and are considered as slow exchange, values between 2 ∙ 10
-4

 min
-1

 

and 1.0 min
-1

 are colored yellow and are considered intermediate exchange. Fast exchanges are colored red 

and have values of kex above 1.0 min
-1

. Areas shown in gray are parts with unavailable data. Generated in 

PyMOL using PDB accession code 2BZG. The two helices in front of the central β-sheet (black arrows in right 

Figure) exhibit mostly faster exchange rates in TPMT *5 TR in comparison with TPMT *1 TR. These helices are 

also positioned close to the *5 mutation (shown in purple spheres) and the active site. 

 

The calculated ΔG values for the assigned residues of TPMT *1 TR and TPMT *5 TR are displayed in 

Figure 19 (left). The value of krc of a racemic poly-alanine peptide is calculated as described earlier 

and the value is not adjusted for primary structure effects, as isotope or induced steric effects.19 The 

highest ΔG value is achieved for the slowly exchanging protons, while fast exchange renders a low ΔG 

value. The different levels of ΔG values indicate that the protein consists of different subglobal un-

folding units. Generally, the values of TPMT *5 TR is lower than for TPMT *1 TR. Residue-specific 

Δ(ΔG) values are displayed in Figure 19 (right) for residues that are assigned for both TPMT *1 TR and 

TPMT *5 TR. The Δ(ΔG) value displays the difference in local stability, by subtracting the ΔG value for 

TPMT *1 TR from the ΔG value for TPMT *5 TR for a specific residue in kcal/mol, and of course corre-

lates with the exchange rate ratios in Figure 16, through the equation for ΔG described earlier. Since 

the change of stability is not uniform, this specifies that it is not a change in overall stability that has 

been measured, but a change in local stability. 
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Figure 19: (left) Obtained ΔG values for TPMT *1 TR (red stars) and TPMT *5 TR (bars). The high ΔG values cor-

respond to the slowly exchanging protons, while fast exchange renders a low ΔG value. The different levels of 

ΔG values indicate that the protein consists of different subglobal unfolding units. Generally, the values of 

TPMT *5 TR is lower than for TPMT *1 TR indicating a lower local stability for TPMT *5 TR in comparison with 

TPMT *1 TR. The large gaps in between values shown are due to lack of assignment and not due to low values. 

(right) Δ(ΔG) values from the *5 variant. Only residues assigned for both variants are considered, thus the large 

gaps in between values. The Δ(ΔG) value is the difference in ΔG value between TPMT *5 TR and TPMT *1 TR for 

a specific residue in kcal/mol, and thus is the difference in local stability.  

5.1.3 Relaxation experiments 

Measured R1, R2 and NOE values are plotted against their assigned residue number in Figure 20. Only 

values corresponding to assigned peaks of TPMT *1 TR and TPMT *5 TR are shown. The values of R1 

and R2 are similar for the two protein variants. These two parameters are related to the molecular 

tumbling rate τc, which is not expected to be affected by mutation, since it is a measure of general 

size and morphology. Values of τc are 18.7 ± 0.2 ns for TPMT *5 TR and 18.1 ± 0.1 ns for TPMT *1 TR 

and are consistent with a monomer at the used buffer conditions. The values of NOE, related to 

internal motions in the protein, show differences between TPMT *1 TR and TPMT *5 TR but no clear 

trends are visible, maybe due to an incomplete assignment. 

Plotted CPMG data for some residues of both TPMT *5 TR and TPMT *1 TR are shown in Figure 21. 

The CPMG data from TPMT *5 TR is measured at 600 MHz, while TPMT *1 TR is measured at 800 

MHz. The CPMG acquired for TPMT *5 TR show mostly no dispersions and thus no millisecond dy-

namics, but for a few residues such as Thr118 as in Figure 21D, a faster dynamic can be seen. The 

dynamic exchange rate is 2400 ± 400 s-1 for Thr118 in TPMT *1 TR and 7000 s-1 in TPMT *5 TR, how-

ever the value in TPMT *5 TR is highly uncertain. For TPMT *1 TR, some residues show millisecond 

dynamics. Dynamics in millisecond time frame is usually due to structural rearrangement, for exam-

ple due to a catalytic conformation. Data thus show that TPMT *5 TR does not exhibit dynamic on 

this timescale, which is the case for TPMT *1 TR. TPMT *5 TR does instead have some dynamics on a 

faster time scale.  
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Figure 20: Graphs showing the measured R1, R2 and NOE for both TPMT *1 TR and TPMT *5 TR. TPMT *1 TR is 

shown as red stars, and TPMT *5 TR is shown as bars. Only values for assigned peaks are included. The large 

gaps are due to lack of assignments and not due to low measured values. R1 and R2 are practically identical for 

the two variants, while NOE show different values for the same residue when comparing between TPMT *1 TR 

and TPMT *5 TR. 
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Figure 21: (A, B) Plotted CPMG data with relaxation dispersions for Gly62 (A) and Thr118 (B) of TPMT *1 TR 

measured at 800 MHz. (C, D) Plotted CPMG data for Gly62 (C) and Thr118 (D) of TPMT *5 TR measured at 600 

MHz. Dispersions can be seen for both residues in TPMT *1 TR, but only for T118 in TPMT *5 TR. Gly62 has a 

flat line for TPMT *5 TR and thus no millisecond dynamics. Thr118 exhibit a faster dynamic in TPMT *5 TR than 

in TPMT *1 TR with 7000 s
-1

 and 2400 ± 400 s
-1

 respectively. The value for Thr118 in TPMT *5 TR is however 

highly uncertain. 

5.1.4 Sample stability of the protein variants 

The calculated half-lives of the protein variants at room temperature using 15 peaks with low devia-

tion of the measured intensities to the calculated exponential functions are presented in Table V.  

Table V: Calculated half-life of TPMT *1 TR and TPMT *5 TR. 

Protein variant Half-life (h) a 

TPMT *1 TR 685 ± 131 

TPMT *5 TR 488 ± 167 

a Calculated mean and standard deviation using 15 peaks showing decay in the spectra. Peaks are selected due 

to their low standard deviation of the measured intensities in comparison with the calculated exponential de-

cay. 

5.2 Mutagenesis of TPMT *1 TR to TPMT *6 TR and TPMT *8 TR 

The first attempt at mutagenesis failed. No bands on TAE agarose gel indicated a failed PCR and no 

colonies on LB agar plates indicated a failed transformation, even of the control. 

A B 

C D 
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In the second attempt there were bands at approximately 6 kb on the TAE agarose gel. Transfor-

mation using heat shock protocol gave no colonies on LB agar plates. Electroporation gave no colo-

nies for the higher concentrations, 12.5% and 1.1%, but the lowest concentration at 0.35% PCR-

product yielded colonies on LB agar plates. They were transferred to second selection plates, but 

only one colony had grown. This colony was used to obtain plasmid DNA, and TAE agarose gel 

showed that the colony contained a plasmid of approximately 2.5 kb, and is a contamination.  
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6 Discussion 

6.1 The *5 mutation 

Before the first measurements of TPMT *5 TR, it was believed that since it is a single point mutation, 

the overall structure would not change significantly. Also, it was believed that the HSQC spectra 

would be rather similar for the protein variants, so that a direct comparison could be made without 

the need for extra 3D experiments and sequential assignment. However, the mutation seems to have 

larger consequences for the protein. More peaks are positioned in the middle of the spectrum, due 

to a more unordered and less folded structure as indicated from Figure 13. Since the mutation is 

placed in a hydrophobic core, as shown in Figure 5, thus disrupting van der Waals interactions and 

possibly disrupting the closely located active site, this is not unlikely. 

As shown in Figure 5, two of the five tryptophan residues are in close contact with leucine 49. This 

might explain the difference in fluorescence quenching. The three other tryptophan residues are 

located in the active site, close to the mutation site. The α-helices and β-strands involved in the hy-

drophobic pocket around leucine 49 are also involved in building up the active site, thus it is likely 

that the mutation affects the active site and the three tryptophan residues located there as well as 

the two tryptophan residues close to the mutation. 

Since the overall stability only change very little when introducing the mutation as shown with ther-

mal denaturation studies, but tryptophan quenching experiments have shown that the active site is 

very easily quenched when adding denaturant, it was suggested that the mutation causes a signifi-

cant change for the local stability and hydrogen bonding patterns around the active site. Subglobal 

and local unfolding events that occur close to the active site could explain the obtained fluorescence 

data, if they occur more frequently in TPMT *5 TR. This has then been monitored by hydrogen ex-

change which show faster exchange rates for TPMT *5 TR in comparison with TPMT *1 TR, see Figure 

17. Changes occur close to the active site and the mutation site as shown in Figures 17C and 18. The 

calculated ΔG values are generally lower for TPMT *5 TR than for TPMT *1 TR as shown in Figure 19. 

However, the change is not uniform, meaning that the local stability and not the overall stability are 

measured. 

6.2 Hydrogen exchange 

The hydrogen exchange measurements were conducted to access information on the local stability 

of the human thiopurine methyltransferase, and more interestingly, the differences between TPMT 

*1 TR and TPMT *5 TR.  

The spectra acquired in the experiments gave a lot of information just by first glance. The HSQCs 

recorded directly after solvating the protein in D2O during H/D-exchange, Figure 15A, show a lot less 

peaks for TPMT *5 TR than for TPMT *1 TR. These experiments measure the slowly exchanging pro-

tons, and show that fewer of these are left in TPMT *5 TR. Thus it is clear that the mutation has in-

deed affected and probably decreased the local stability of the protein. Figure 15B, the overlay of the 

spectra from CLEANEX-PM HSQC with mixing time of 64.44 ms, shows a large increase in both peaks 

and intensity of the measured peaks for TPMT *5 TR in comparison with TPMT *1 TR. Overall, a large 

number of peaks have disappeared from the slow H/D-exchange and show in the fast hydrogen ex-
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change in CLEANEX-PM HSQC for TPMT *5 TR in comparison with TPMT *1 TR. Thus there are obvi-

ous differences caused by the *5 mutation. 

Interestingly, in Figure 15A a larger percentage of the peaks are overlapping than in the ordinary 

HQSC, as shown in Figure 13. This might be due to that a lot of the peaks left in H/D-exchange for 

TPMT *5 TR are those that are very stable in the interior of the protein. The peaks not affected by 

the mutation would not change in chemical shift and they will then overlap. 

In the CLEANEX-PM HSQC spectrum in Figure 15B, a few more peaks in the upper right section are 

visible for TPMT *5 TR than for TPMT *1 TR. These are side-chain amines or amides such as the side-

chains of lysine, arginine, glutamine and asparagine. These are however not assigned. If they are 

present on the surface on the protein, as also for backbone amides, they are likely to have a very fast 

hydrogen exchange. 

The measured time course of the hydrogen exchange for several amino acids of TPMT *1 TR is shown 

in Figure 16 (A-D). Also, CLEANEX-PM HSQC data for two amino acids of TPMT *1 TR are shown in 

Figure 16 (E-F). The hydrogen exchange rate is very specific for a specific amino acid, and is of course 

dependent of the local stability and hydrogen bonding of the structural element where the amino 

acid is placed. To aid in the interpretation, the exchange rates are divided into three groups: slow 

exchange with a value of kex below 2 ∙ 10-4 min-1, intermediate exchange with a value of kex between  

2 ∙ 10-4 min-1 and 1.0 min-1, and fast exchange with a value of kex above 1.0 min-1. Val86 for example 

has a slow hydrogen exchange rate and is placed in one of the central β-strands of the protein. Close 

to it are several other amino acids also showing a slow hydrogen exchange rate. This part of the pro-

tein is highly involved in hydrogen bonding since it is part of the central β-sheet, and thus likely to 

have a slow hydrogen exchange rate.  The ΔG value of these stable slowly exchanging protons might 

be a good measurement of the global stability of the protein. Since the thermal denaturation stability 

ΔG value is not calculated, the comparison between calculated thermal denaturation value and the 

ΔG value of the slowly exchanging protons are not done for this thesis. However, the slowest ex-

changing protons, which also have the highest ΔG value, have close to 12 kcal/mol ΔG value for both 

variants, a reasonable value corresponding to favorable interactions of the folded state such as hy-

drogen bonding. Thus the overall stability does not seem to have changed by introducing the muta-

tion.  

Figure 17A shows the values of kex of both protein variants. Only assigned residues of the proteins are 

included. Since the assignments of both TPMT *1 TR and TPMT *5 TR are not complete, this graph is 

not easy to interpret. Therefore the ratio of hydrogen exchange rates for residues assigned in both 

TPMT *1 TR and TPMT *5 TR is presented in Figure 17B. For most residues assigned in both variants 

the ratio is close to 1 or above, and several residues show ratios of over 2, which is considered a large 

increase in hydrogen exchange rate in this thesis. The very large ratios (> 100, four amino acids) and 

very low ratios (< 0.005, one amino acid) are due to that the residue changed its exchange rate in 

TPMT *5 TR compared to TPMT *1 TR from a slower rate measured by H/D-exchange to a faster rate 

measured by CLEANEX-PM HSQC and vice versa respectively. More amino acids show a very large 

ratio than a very low ratio, as already indicated from the spectrum in Figure 15 alone, where more 

peaks for TPMT *5 TR disappear from the experiment measuring intermediate and slow exchange 

(Figure 15A) and show up in the experiment measuring fast exchange (Figure 15B). The *5 mutation 

gives rise to a pattern of mostly more fast hydrogen exchange, and thus lowers local stability of sev-

eral amino acids.  
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To observe the changes in local stability, the values of kex of the assigned amino acids are illustrated 

using the x-ray structure presented earlier, PDB accession code 2BZG. This is shown for both TPMT *1 

TR and TPMT *5 TR in Figure 18. In Figure 18, the two α-helices to the right in front of the central β-

sheet exhibit a change in hydrogen exchange rate in TPMT *5 TR in comparison with TPMT *1 TR. 

Since the *5 mutation is placed in the same area of the protein, but on the other side of the central 

β-sheet, it is possible that the structural elements disrupted by the mutation, such as the three 

strands of the central β-sheet, could influence these two helices as well, probably by a changed hy-

drogen bonding network. Also, the ratio of the hydrogen exchange rates for residues assigned in 

both TPMT *1 TR and TPMT *5 TR is shown in Figure 17C. The ratio is easier to analyze since it only 

involves amino acids assigned in both variants. As shown in Figure 17C, several residues in this area 

show a large increase in hydrogen exchange rate (ratio > 2). However, two residues (Asp162 and 

Tyr166) show a large decrease (ratio of 0.025 and 0.024 respectively) in hydrogen exchange rate by 

changing from an intermediate hydrogen exchange rate to a slower exchange rate. Figure 17C also 

illustrates that even the slowly exchanging protons in the central β-sheet of the protein are more 

available for exchange in the TPMT *5 TR than in TPMT *1 TR. This might be an effect of the small 

change in overall stability that is seen for TPMT *5 full-length compared to TPMT *1 full-length dur-

ing thermal denaturation. The thermal denaturation stability is not measured for both the truncated 

variants, but can be replaced by the measured ΔG value of the slowest exchanging protons. 

Related to Figure 18, the ΔG-values calculated using the equation described earlier is plotted in Fig-

ure 19 (left). The most slowly exchanging protons of course receive the highest ΔG-value. Interesting-

ly, for both variants the highest ΔG-value is ~12 kcal/mol. This is a reasonable value not significantly 

different from values shown for other proteins. Since this value is similar for both variants, and as 

mentioned earlier related to the global stability of unfolding for the protein, this means that the 

overall stability of the protein has not changed much, but rather the local stability and hydrogen 

bonding pattern. The difference in ΔG-values for residues assigned for both variants are shown in 

Figure 19 (right). Of course this corresponds well to the relations found in Figure 17B, since the ΔG 

values are calculated from the values of kex, and an increase in hydrogen exchange rate thus corre-

sponds to a lowered ΔG value. Figure 19 (right) shows the actual measured difference in local stabil-

ity in kcal/mol for a residue between TPMT *5 TR and TPMT *1 TR. For most residues the local stabil-

ity are decreased in TPMT *5 TR in comparison to TPMT *1 TR, but some (such as Asp162 and Tyr166 

mentioned earlier) exhibit a higher local stability.  

We can then conclude that increases in exchange rate are due to a local destabilization and not a 

decreased overall stability. Since the ΔG-values of the slowest exchanging protons are similar for the 

two variants and is possible to interpret as the global unfolding stability for the protein as mentioned 

earlier, the measured changes in hydrogen exchange rates must come from a change in local stabil-

ity, as seen from the not uniformly changing values of kex in Figure 17B. Also, since the measured 

difference in ΔG value for the residues is not uniform, as seen in Figure 19, the changes are most 

likely to arise from changes in local stability instead of overall stability. Since we do not have enough 

assignments, however, it is not possible to have perfectly complete data. It is very unfortunate that 

the area around the mutation and active site is mostly unassigned. The current assignment do allow 

for measuring these interesting and conclusive differences though. 

There is a gap in Figure 17A between the residues with exchange rate below 1 and the residues with 

exchange rates above 100. This might be due to that the mixing times in CLEANEX-PM HSQC were 

not long enough, or that the HSQC first acquired after dissolving the protein in D2O for H/D-exchange 
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measurements was initiated to late, with a lot of amino acids disappearing from spectrum during the 

dead time. Thus the hydrogen exchange rates in this region were not recorded. New experiments 

might need to be conducted to measure the hydrogen exchange rates of these protons, or even a 

new experiment might need to be advised to deal with this type of hydrogen exchange rates. It might 

also be the case that there are no amino acids with a hydrogen exchange rate in this section, howev-

er unlikely. 

When discussing these results it is important to notice the very rough classification of both the hy-

drogen exchange rates and the ratios into three very large groups. The hydrogen exchange rates are 

of a very varying rate, and much of the important detailed information is thus unused. The classifica-

tion is done to point out the large differences in local stability and hydrogen bonding network. This is 

to see where the most interesting local differences are positioned. A more fine-tuned classification 

would be of greater use if more overall assignments where available. Also, several simplifications are 

made. No regard is taken for water saturation for the CLEANEX-PM HSQC data, and when calculating 

ΔG, no isotope effects for the solvent or induced steric effects from primary structure elements are 

regarded. 

The construct used in this thesis consists of TPMT with 15 amino acids deleted in the N-terminus, and 

with an N-terminal His-tag. That we do not have the full-length protein, and also do not remove the 

His-tag, have to be considered when interpreting the results of this study. Since the NMR spectra of 

TPMT from the bacterial orthologue Pseudomonas syringae (psTPMT) for the full-length variant and a 

N-terminal deletion construct were similar4, we believe this to be true also for our truncated con-

struct. We thus believe that the results are applicable for the full-length proteins. However, it needs 

to be pointed out that the N-terminal deletion stabilizes the protein, as seen for the truncated con-

struct used for crystallization7, and this might affect the local stability. But still, the differences be-

tween the two variants are applicable for the full-length variants, even though the absolute values of 

measured stability might not. 

6.3 Protein dynamics 

The values of R1 and R2 are similar for the two protein variants, as seen in Figure 20. These two 

parameters are related to the molecular tumbling rate τc, which should not be affected by the 

mutation, since it is a measure of general size and morphology. Dimerization of the protein would 

increase R2 with a factor of approximately two, thus also changing the calculated value of τc. This 

does not seem to have happened and we do not seem to have dimers or aggregates of TPMT *5 TR in 

solution. Values of τc show a small difference between TPMT *1 TR and TPMT *5 TR, but in both cases 

the value are consistent with a protein monomer at the current buffer conditions. Both TPMT *1 TR 

and TPMT *5 TR showed aggregation over time in the NMR tube. These aggregates do not seem to 

affect the spectra, but precipitate. 

NOE values, related to internal motion on the nano- and picosecond timescale for the protein, are 

clearly different for the two protein variants as seen in Figure 20, but no trends are clearly shown 

with the currently available assigned data. A more unordered structure would result in a lower NOE 

value. The difference in NOE value is not uniform, which is expected since the motions on this 

timescale also are related to local structure and stability. As explained earlier, we can see non-

uniform changes of local stability between TPMT *1 TR and TPMT *5 TR. 
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For the N-terminal residues, the values of R1, R2 and NOE differs greatly from the rest of the 

sequence for both TPMT *1 TR and TPMT *5 TR as seen in Figure 20. This indicates what other 

studies allready have concluded, that the N-terminal is disordered and aggregation-prone and thus 

the need to delete it to be able to achieve the concentrations needed for NMR experiments.4,7  

The relaxation dispersion experiment (CPMG) show no dispersions and thus no millisecond dynamics 

for TPMT *5 TR, but show a few residues with faster dynamics as seen in Figure 21. For TPMT *1 TR 

some residues show millisecond dynamics as shown in Figure 21. As indicated from the difference in 

values of NOE between TPMT *5 TR and TPMT *1 TR, this might be due to that the dynamics of the 

protein have changed its time scale. The dynamics might not be lost, just on a different time scale. 

6.4 Sample stability 

The sample stability experiment as seen in Table V shows no significant difference between the two 

protein variants at room temperature. The standard deviations are too high for the difference to be 

of any significance. This minor difference is likely due to the selection of the 15 peaks used for the 

analysis, or that since TPMT *5 TR aggregated when dissolving in H2O/D2O, a number of oligomers 

still remain in solution speeding up the aggregation rate and aging of the sample and thus the inten-

sity for peaks in the sample drops. The selection of the peaks might be very crucial for the value of 

mean, since peaks with lower intensity disappear fast when concentration is lowered by aggregation. 

Ocular observation of the samples, while in NMR tubes, have shown that both TPMT *1 TR and TPMT 

*5 TR form aggregates that precipitate to the bottom of the tube. The aggregation, except from the 

rapid initial aggregation for TPMT *5 TR, does not seem to increase as a reaction to the mutation as 

seen by ocular observation. From R1, R2 and τc, we can see that there seems to be no increase in di-

merization in solution by the mutation.  

The initial aggregation of TPMT *5 TR is quantified and about 15.6 % of the concentration is removed 

when removing the aggregate (data not shown). The actual concentration of these 15N TPMT *5 TR 

samples is thus closer to 0.27 mM than 0.3 mM. This was also the reason for why the triple and dou-

ble labeled samples used for 3D experiments were not flash-frozen in liquid nitrogen and lyophilized, 

that is, to minimize the loss of protein.  

6.5 Mutagenesis 

For the first attempt of the mutagenesis of TPMT *1 TR to TPMT *6 TR and TPMT *8 TR, no bands 

were visible on TAE agarose gel after PCR and no colonies were visible on LB agar plates. Since both a 

PCR-control and a transformation control were used, neither the PCR nor the transformation worked. 

For this attempt, only the heat shock transformation protocol was used. For the PCR failure, the most 

viable explanation is that a poor quality Pfu DNA polymerase was used. The heat shock transfor-

mation was in this case conducted at 44 °C instead of 42 °C, which might explain that no colonies 

were visible on LB agar plates after one night of incubation. 

During the second attempt, a different sample of Pfu DNA polymerase was used, and bands at cor-

rect length were visible for both TPMT *6 TR and TPMT *8 TR on TAE agarose gel. The PCR was in this 

case successful. However, no band was visible for the PCR control sample. Still, no colonies were 

visible on the LB agar plates. This time, the heat shock was conducted at 42 °C, but the equipment 

used was not calibrated to see if the temperature inside the eppendorf tubes really was 42 °C. To test 

another method of transformation, the electroporation method was used instead of the heat shock 
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method. For the higher concentrations, 12.5% and 1.1% of the PCR-product, no colonies were visible 

on LB agar plates. This is considered to be an effect of the high salt concentrations in the sample, 

which the electroporation method cannot handle. The lowest concentration, 0.35% of PCR-product, 

showed colonies on LB agar plates. However, when transferred to the second selection plate, only 

one colony survived which turned out to be a contamination. This means that there is a possibility 

that the first plate lack of antibiotics. This would explain the results, however, if the plate did not lack 

of antibiotics, this electroporation method might be an easier way to execute transformation of a 

PCR-product. 

6.6 Conclusions 

All results show that the local stability is greatly affected by the *5 mutation, and for most residues, 

this means a decrease in local stability. The position of the *5 mutation and the disruptive effect on 

the hydrophobic core can together effect the hydrogen bonding network and thus the local stability 

of regions of the protein that are far from the mutation site. The active site is close to the mutation 

site and built up from the same α-helices and β-strands as the hydrophobic core that encloses the 

mutation. 

This thesis shows that measured values of kex are higher for TPMT *5 TR than for TPMT *1 TR in most 

cases. Also, the calculated values of ΔG are generally lower for TPMT *5 TR than for TPMT *1 TR. The 

mutation has an effect on hydrogen exchange rates all over the protein, and not just close to the 

mutation. In particular, regions close to the active site exhibit clear changes due to the mutation, 

mostly higher exchange rates, but also lowered exchange rates. The local stability close to the active 

site of TPMT is thus affected by the *5 mutation. It is clear that the observed change is due to local 

stability and not overall stability, which seems to be unchanged by the mutation, as shown by the 

unchanged values of ΔG for the protons with the slowest hydrogen exchange rate.  

Measurements of protein dynamics show that both TPMT *1 TR and TPMT *5 TR are monomer in 

solution. TPMT *5 TR have no measurable millisecond dynamics, while TPMT *1 TR does. A few resi-

dues of TPMT *5 TR does instead have faster dynamics. NOE values, related to dynamics on the na-

nosecond to picosecond time scale and internal motions, are different between the two protein vari-

ants. No clear trends are visible, but this indicates that the dynamics for TPMT *5 TR have changed 

from a slower millisecond time scale to a faster dynamics. This might be related to the loss of func-

tion for the *5 protein variant.  

This mutation, Leu49Ser, that disrupt a hydrophobic core of the protein close to the active site, gives 

rise to a changed pattern of hydrogen bonds, and thus a changed local stability for residues of the 

protein. This changes the dynamics of the protein and also the catalytic activity towards thiopurines. 

These data combined explain the loss of catalytic activity of the *5 protein variant of human thiopu-

rine methyltransferase. 
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7 Future studies 

7.1 Assignments 

More complete assignments are necessary since the current assignments do not include the very 

interesting active site. More experiments and time is necessary to achieve the goal of complete as-

signments for TPMT. This would make it possible to calculate a NMR structure for the protein, also 

helping in understanding how this complex protein behaves in solution. Partially deuterated samples 

of higher concentrations than used in this thesis might be helpful, since a partially deuterated sample 

of rather low concentration of 0.3 mM could be used to assign 37% of the non-proline residues in the 

protein backbone for TPMT *5 TR. More complete assignments would make it necessary to reevalu-

ate all the conducted experiments, but would also aid in drawing conclusions. 

7.2 Hydrogen exchange 

The nature of unfolding event occurring can be determined by measuring the hydrogen exchange 

rates in different concentrations of denaturant or different temperature.17,20 The method is also use-

ful to determine the different unfolding subunits of a protein.17 

For us, this is not possible since the measurements are only made once at zero concentration of de-

naturant. If the hydrogen exchange experiments were conducted at several concentrations of dena-

turant or different temperature it would be very interesting. More information on the nature of local 

stability is important to understand the complex relations between the stability and the structure. 

During this thesis, we have seen that the *5 mutation greatly affects both structure and function of 

TPMT. With these new experiments it is possible to also access information about changes in folding. 

An alternative hypothesis to local unfolding is that hydrogen exchange occurs in the interior of the 

protein, due to the diffusion of solvent molecules in the protein structure. It is not implausible for 

H2O to be able to diffuse into the protein core. However H3O
+ and OH- might be expected to be ex-

cluded due to their charges. The exchange rate for a site would depend in a complex manner on the 

general flexibility of the protein in creating channels, on the probability of diffusion to the site and of 

the stability of the hydrogen bond for the hydrogen atom. The currently available evidence is not 

sufficient to decide which mechanism that occurs in a particular case.21 In this thesis the local unfold-

ing hypothesis is used since it allows calculations on the acquired data. Most literature in this scien-

tific area reflects this hypothesis.17-20 When a more overall assignment is available, it would be inter-

esting to consider this other hypothesis since TPMT actually contains a solvent channel to and from 

the active site in the crystal structure. 

The isotope effect of using 90% H2O and 10% D2O in CLEANEX-PM HSQC instead of 100% D2O as in 

the H/D-exchange experiments can be calculated, and also regard could be taken for inductive ef-

fects from primary structure. A computer program could be made calculating these effects for a giv-

en sequence.  

Also, measurements could be made on more TPMT protein variants, to fully explore the local stability 

differences of the protein by different type of mutations. As mentioned earlier, there are protein 

variants of TPMT with significantly different properties, such as different catalytic activities. 
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7.3 Protein dynamics 

Experiments to explore the possibility of a changed time scale for protein dynamics could be con-

ducted. A different time scale for protein dynamics might be related to the loss of function. Also, a 

more complete assignment would give the opportunity to see the trends in NOE values and thus give 

a more complete understanding on the changes of internal motions due to the *5 mutation. 
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