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Abstract 
Calmodulin (CaM) is a highly conserved protein able to bind Ca2+. When Ca2+ is bound the protein can 

bind and activate further proteins with several individual functions. CaM switches to a more open 

conformation when Ca2+-bound and is able to do so at a high rate. Little is known about the 

conformational switches between apo and Ca2+-bound states. A hypothesis suggests that 

protonation/deprotonation of a histidine side-chain is part of the answer and thus the dynamics of 

CaM would be pH dependent. This was further investigated in this thesis. Methods to carry out the 

project included protein expression of isotope labelled CaM-TR2C E140Q, standard protein 

purification and protein adapted Nuclear Magnetic Resonance (NMR) spectroscopy. The results 

suggest that CaM-TR2C E140Q is likely to depend on pH and that histidine 107 (H107) may have a 

central role in the conformational changes observed. At lower pH it was also suggested that CaM-

TR2C E140Q obtained a more open conformation with weakened intramolecular interactions and that 

the tertiary structure of CaM-TR2C E140Q may have been disrupted. 

Sammanfattning 
Calmodulin (CaM) är ett, till hög grad konserverat protein med möjlighet att binda in Ca2+. Då Ca2+ är 

bundet kan proteinet binda och aktivera ytterligare protein med olika enskilda funktioner. CaM byter 

med hög hastighet till en mer öppen konformation då Ca2+ binder. Lite vetskap finns kring hur 

konformationsändringarna mellan apo-form och Ca2+-bunden form går till. En hypotes föreslår att 

protonering/deprotonering av en histidin-sidokedja kan vara en del av svaret och att CaMs dynamik 

därför bör vara beroende av pH. Detta undersöktes vidare i detta examensarbete. Metoder som 

användes för att genomföra projektet inkluderar proteinuttryck av isotopinmärkt CaM-TR2C E140Q, 

standardiserad proteinrening och proteinanpassad kärnmagnetisk resonans (NMR) spektroskopi. 

Resultaten föreslår att konformationsändringarna av CaM-TR2C E140Q troligen är pH-beroende och 

att histidin 107 (H107) kan ha en central roll vid dessa ändringar. Vid lägre pH föreslås att CaM-TR2C 

E140Q antar en mer öppen konformation med försvagade intramolekylära interaktioner och att 

tertiärstrukturen av CaM-TR2C E140Q kan ha blivit upplöst. 
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1 Statement of Authorship 
This thesis was written by David Rydberg. The practical part leading to the results of this project was 

carried out together with Bitta Bakhshi. 

2 Introduction 

2.1 The Protein Calmodulin 

Calmodulin (CaM) is a relative small (148 a.a.), highly conserved intracellular protein. CaM consists of 

two almost identical parts connected to each other via a diffuse helix link, Figure 1. The two parts 

consist of two Ca2+-binding EF-hands connected via a loop, granting a total of four Ca2+ that can be 

bound. The EF-hand is a domain consisting of a helix-turn-helix motif. EF-hands are, in the tertiary 

structure, usually found in pairs of two and bind cooperatively to Ca2+. Many types of cellular 

activities are regulated through changes of the Ca2+-concentration within the cell. In a resting cell the 

concentration of Ca2+ can be measured to less than 0.1 μM, whilst in an activated cell 1-10 μM. CaM 

is regulated by Ca2+, thus when binding Ca2+ CaM adopts a more open and activated conformation. 

The protein switches between the two conformations at a rate of (1-7)∙104 s-1, at pH 6.0 and 27 oC. 

The Ca2+-bound conformation of CaM enables interactions with further proteins involved in 

signalling, second messenger production and motility; all important for cell metabolism. As the 

diffuse helix link is flexible the domains can be bent to each other which enable cooperative binding 

to the target proteins. 1, 2, 3, 4 

 
Figure 1 – Ca

2+
-bound Calmodulin. The TR2C unit consists of parts coloured blue and red and the TR1C unit is colourised 

green and grey. Ca
2+

-ions are illustrated as orange spheres. Each colour of the structure roughly represents a Ca
2+

-binding 
EF-hand. Helices are denoted A-H and Ca

2+
-binding loops I-IV. The structure was rendered in PyMOL

5
 using coordinates 

from PDB accession code 1EXR
6
. 
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2.2 Calmodulin-TR2C E140Q 

By cleavage, one of the similar parts of CaM can be studied at a time. The cleavage give two parts 

called TR1C (a.a. 1-75) and TR2C (a.a. 75-148) that is shown to remain their functionality individually.1 

As CaM binds Ca2+ cooperatively it is hard to study the conformational change of the protein when 

Ca2+ is only partially bound. To eliminate this problem, a mutation E140Q in the loop IV of TR2C was 

made using the mismatch method. This causes almost complete disability of binding Ca2+ for one of 

the EF-hands, while the rest of the protein retains its structure. At 28 oC, this mutant called CaM-TR2C 

E140Q has similar conformational population, 65 15% for Ca2+-bound, and conformational switch 

rate as wild-type CaM.2 

2.3 Aim of the Project 

Little is known about how CaM-TR2C E140Q is able to switch between the apo and Ca2+-bound states 

at such high rates. One hypothesis is that protonation/deprotonation of H107 is the source and 

thereby suggesting that the dynamics depend on the pH. H107 is located in the F-helix and has a pKa 

of 6.2 (Markus Niklasson, unpublished). Thus at lower pH this residue becomes protonated and may 

have the ability of stabilising CaM-TR2C in its more compact apo conformation. At higher pH than 6.2 

H107 becomes deprotonated which may lead to weaker intramolecular interactions and thereby a 

less stable and more open structure as the conformation observed when CaM-TR2C is Ca2+-bound. 

Dynamics of the protein were therefore studied with NMR spectroscopy at different pH above and 

below the pKa of H107. The project would grant more knowledge about CaM as a protein and the 

results may be applied to proteins similar to CaM including EF-hand proteins involved in disease 

states such as rheumatoid arthritis, Alzheimer’s disease and cancer.7 
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3 Theory 

3.1 Ion-Exchange Chromatography 

Ion-exchange chromatography separates proteins according to their net charge. Using an anion-

exchange column, proteins with a negative net charge bind to the positively charged beads in the 

column. Positive net charged proteins will not bind the column and flow through. Using a cation-

exchange column, positively charged proteins will bind the column whilst proteins with a negative 

net charge flow through. Proteins that bind to the column can be eluted by adding elution buffer 

containing an ion that competes with the protein for binding to the column. One method is to elute 

with NaCl. By starting with a low concentration and gradually increasing the concentration, proteins 

will elute in order of charge density.8  

3.2 Gel Filtration Chromatography 

Gel filtration chromatography separates proteins on the basis of size. A column filled with porous 

beads is used. When adding a mixture of molecules with different sizes the small molecules enter the 

aqueous spaces within the beads whilst large molecules take ways around the beads. This is known 

as retention and the result of which is that larger molecules will elute faster than smaller molecules, 

consequently causing separation.8  

3.3.1 Nuclear Magnetic Resonance Spectroscopy  

Nuclear magnetic resonance (NMR) spectroscopy is an alternative to X-ray crystallography when 

studying proteins at an atomic level. Due to limitations of only be able to study proteins in its 

crystalline state with X-ray crystallography, NMR spectroscopy opens the door of studying the 

protein in a solvent. This is an advantage when studying structural motions, the dynamics, of a 

protein at an atomic level. One of the disadvantages with NMR spectroscopy, compared to X-ray 

crystallography, is the protein size limitation. Another disadvantage with NMR spectroscopy is the 

low sensitivity of the method, causing a need for highly concentrated protein samples. Due to the 

fundamentals of NMR spectroscopy, the protein itself must often be isotopically labelled in order to 

study it. The procedure of labelling a protein can be both cumbersome and costly. Difficulties when 

interpreting data of larger proteins makes NMR spectroscopy a method suitable for smaller 

proteins.9  

3.3.2 Principles of NMR Spectroscopy 

With NMR spectroscopy the nuclear spin is examined. The spin of a nucleus, I, is given by: 

   |I| = [I (I + 1)]
½ ћ  (Eq. 1) 

where ћ is Planck’s reduced constant and I = (0, ½, 1, 1½, 2, ...) is a quantum number that quantises 

I. 

A net nucleus spin is given by the ratio of protons and neutrons. If the protons and neutrons are of 

even numbers, as 12C, the nucleus will have no spin and will thus not be NMR active. If the sum of the 

protons and neutrons is odd, as 13C, the nucleus will have a half-integer spin (½, 1½, 2½,  ...). If the 

spin of both the protons and neutrons are of odd numbers the nucleus will have an integer spin (1, 2, 

3, ...). Spins > ½ give rise to more complex spectra and as 1H, 13C and 15N all have a nuclear spin of ½ 

and are relatively easy to incorporate during the protein production, they are often used when 

studying proteins with NMR spectroscopy. Nuclei with spin I have 2I + 1 possible orientations of 
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equal energy levels. When applying an external magnetic field, these energy levels will split and be 

described by a magnetic quantum number, m. When applying a magnetic field to a nucleus of spin 

quantum number ½, energy levels corresponding to m = -½ and m = +½ will form. When applying a 

magnetic field over nuclei, the populations of the energy levels will be determined by the Boltzmann 

distribution. This means that lower energy levels will have a somewhat higher population of nuclei 

than higher energy levels. The population of nuclei can be changed by adjusting the strength of the 

external magnetic field or by changing the temperature. The adjustment of the magnetic field is the 

most common way exploited in NMR. 

The magnetic field generated when a charged nucleus precesses give rise to a magnetic dipole 

moment, μ, which is proportional to its quantum spin or angular moment, I. By introducing the 

magnetogyric ratio constant,   (T-1s-1), which is specific for each nucleus, an equation is derived: 

                                                                                (Eq. 2) 

The component of the angular moment along a selected axis, most often the z-axis, is derived by the 

equation:  

Iz = ћm,               (Eq. 3) 

where ћ is Planck’s reduced constant and m = (-I, -I+1, ..., I-1, I). The nuclear magnetic moment 

directed along the z-axis can be calculated by the equation: 

μz = γћm   (Eq. 4) 

The energy, E, of a spin state can be calculated by using the equation: 

E = -γћmB0   (Eq. 5) 

where B0 is the external magnetic field along the z-axis. The interaction energy will be higher if the 

nuclear magnetic dipole moment is more unaligned with the magnetic field. The interaction energy 

will also be higher if the magnetic field is stronger. Apart from leading to a shift in the equilibrium of 

the population, an external magnetic field also causes a precession of the spin around the external 

field. The precession frequency is called the Larmor frequency, v0, and is given by the equation: 

v0 = 
   

  
   (Eq. 6) 

Many of the nuclei found in a molecule have different electron distributions which lead to small, 

individual changes in the Larmor frequency. This is known as chemical shift which is used as data 

interpretation for NMR spectroscopy. In the presence of an external magnetic field the electrons 

induce a weak magnetic field counteracting B0. This is known as shielding, where the electrons can be 

seen as shields protecting the nuclei from the external magnetic field. Increased shielding gives a 

lower Larmor frequency shown in the following equation were the shielding factor, (1-σ), is applied 

to Equation 6: 

   0 = 
         

  
   (Eq. 7) 
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Instead of calculating chemical shifts with Equation 7, an equation has been standardised when 

measuring the chemical shift. This equation gives the chemical shift in the unit parts per million, 

ppm:  

 δ =
          

    
 ∙ 106   (Eq. 8) 

where δ is the chemical shift measured in ppm, ν and νref are the Larmor frequencies of the nucleus 

of interest and a reference molecule; the chemical shift is magnified with the factor 106, hence ppm.. 

In organic chemistry the most common reference molecule is tetramethylsilane, TMS. Due to TMS 

insolubility in water, 4, 4-dimethyl-4-silapentane-1-sulfonic acid, DSS is used instead when applying 

NMR spectroscopy on proteins. The principle of both references is that they are more shielded than 

most other molecules which results in that no signals from the molecule of interest overlap those of 

the reference molecule. 

When studying a protein, each residue has its own chemical shift fingerprint for 13Cα, 13Cβ and 13CO 

and for their secondary structure of coils, strands and helices. The secondary structure for a protein 

can be calculated using these chemical shifts. From the secondary structure, the tertiary structure 

can then be derived using computer software.9, 10, 11, 12 

3.3.3 Heteronuclear Single Quantum Correlation (HSQC) 

Heteronuclear single quantum correlation (HSQC) is a two-dimensional NMR experiment used to 

verify the protein’s status of being well folded or disordered. Dissociation constants can be measured 

and the binding place of a ligand can be located using HSQC. Since the flow of magnetisation is 

optimised in the HSQC experiments, a larger current in the detection coil grants a higher sensitivity. 
1H-15N HSQC spectra utilise the chemical shift of 1H at one axis and 15N at the other. By the appliance 

of a 5N-dimension, the number of overlaps of resonance frequencies existing in one-dimensional 1H-

NMR spectra will be decreased and the peaks will be more distinct. Most often all residues in a 

protein give rise to one peak each, with the exception of proline which due to the absence of an 

amide proton causes a loss of signal and residues with amide side chains which rises more than one 

signal. By studying an HSQC spectrum a protein’s status of being folded or disrupted can be 

concluded. Well folded proteins generate a spectrum with high peak dispersion and a large diversity 

of chemical shifts. Residues in a disordered protein tend to have more similarity in chemical shift 

since the residues in a denatured protein are exposed to the solvent at higher grade.9 

 3.3.4 NMR Spin Relaxation in the Rotating Frame, R1ρ 

R1ρ is a method that is used to characterise rapid biochemical dynamics at an atomic level. When 

applying an external magnetic field to a NMR sample the equilibrium of population of nuclei with 

various energy levels does not emerge instantaneously. This is also the case when the equilibrium is 

perturbed by radio frequency pulses. When doing so, two types of time constants, T1 and T2, which 

both are types of relaxation, can be measured. T1 is the time constant for the equilibrium of the 

longitudinal magnetisation to be restored to its primary value and T2 is the time constant for the 

decay of the transverse magnetisation. These can also be seen as rates R1 and R2 where R1 and R2 are 

the inverse of T1 and T2, respectively. The exchange between substates of different chemical shifts 

can be measured by the dispersion of R2 as a function of the strength of the radio frequency field. 

The following equation can be used when calculating R1ρ: 
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R1ρ = R1 cos2 θ + (R2,0 +Rex) sin2 θ   (Eq. 9) 

where θ is the tilt angle between the static magnetic field and the effective magnetic field, R2,0 is the 

exchange-free contribution to the transverse exchange rate and Rex is the exchange contribution to 

the transverse exchange rate given by: 

Rex =  
            

       
     

    (Eq. 10) 

where pA and pB are the population of apo and Ca2+-bound conformation. R1 is the relaxation rate for 

the longitude plane. R2 is the relaxation rate for the transverse plane. Δω is the difference in 

resonance frequency for the two states, ωeff is the effective field and     is the conformational 

exchange time which can be used when calculating the rate constant, kex: 

   = k1 + k-1 = 
 

   
   (Eq. 11) 

where k1 and k-1 are the conformational exchange constants between apo and Ca2+-bound 

conformations. kex can be used when calculating R1ρ: 

R1ρ = R1 cos2 θ +     
            

      
     

   sin2 θ (Eq. 12) 

By gradually changing the strength of the effective field and measure R1ρ at different points, the 

dynamics of a residue can be determined.9, 11, 12 
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4 Materials and Methods 

4.1 Bacterial Cultivation and Protein Expression 

50 μl E. coli BL21-Gold (DE3) cells were transformed with 1 μl CaM-TR2C E140Q plasmid (pET-27b) 

through electroporation. 1 ml LB was added to the transformed cells and the sample was incubated 

for 30 minutes at room temperature. A negative control consisting of only cells (50 μl) and LB (1 ml) 

was also incubated. 100 μl of the transformed cells and control cells were applied to agar plates 

supplemented with 50 μg/ml kanamycin. The agar plates were incubated at 37 oC overnight.  

Various buffers and an additive solution were made in advance to carry out later experimental 

methods, Table I. Elution buffer (1 M) to be used in ion-exchange chromatography was made by 

dissolving NaCl in start buffer to a concentration of 1 M. The elution buffers in the range 0.1-0.4 M 

was made by mixing elution buffer with start buffer into the desired NaCl concentrations. 20% 

ethanol was made by mixing 95% ethanol with Milli-Q H2O. 10x M9 minimal medium, pH 7.4, with 

concentrations of 0.42 M Na2HPO4, 0.22 M KH2PO4 and 85.6 mM NaCl was prepared and autoclaved. 

 

Table I - Buffers used during various experimental methods. For all buffers Milli-Q H2O was used as solvent. The   
buffers were sterile filtered through a 0.45 μm filter. 

Buffer Compound(s) 

NaPi, pH 2 10 mM NaH2PO4 

bis-Tris, pH 6.5 50 mM bis-Tris (C8H19NO5) 

NaCl, pH 6  2 M NaCl 

4x Dialysis buffer, pH 6 80 mM bis-Tris (C8H19NO5) 

EtOH 20% ethanol 

Start buffer, pH 6 20 mM bis-Tris (C8H19NO5) 

Elution buffer (0.1 M,  0.2 M, 0.3 M, 0.4 M 
and 1 M) 

NaCl (0.1 M,  0.2 M, 0.3 M, 0.4 M and 1 M),  
start buffer 

 

 

A 40% glucose solution, used as carbon source for the 15N labelled protein sample, was made by 

dissolving 400 g glucose in ~500 ml Milli-Q H2O. The volume was then adjusted to 1000 ml and the 

solution was finally sterile filtered through a 0.45 μm filter. An M9 additive solution was prepared by 

mixing the additives, Table II, in a falcon tube. 1/10 of the additive solution was added to a small 

baffled flask containing 100 ml preheated M9 medium. The rest of the solution was added to a large 

baffled flask containing 900 ml preheated M9 medium. The M9 medium was preheated in order to 

achieve a shorter lag phase. 
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Table II – Additives in the M9 additive solution. Milli-Q H2O was used as solvent for 50 mg/ml Kanamycin, 1 
M MgSO4 and 0.1 M CaCl2 

Additive Volume/mass Final concentration 

MgSO4, 1 M** 1 ml 1 mM 

CaCl2, 0.1 M** 0.5 ml 0.5 μM 

Kanamycin, 50 mg/ml* 1 ml 0.5 μg/l 

MEM vitamin solution 10 ml - 
15NH4Cl* 0.5 g 0.5 g/l 

40% Glucose*† 10 ml 0.4% 
13C-Glucose*‡ 2 g 2 g/l 

*sterile filtered   **autoclaved 

†only used for the 15N labelled sample   ‡only used for the 15N/13C labelled sample 

 

The bacteria grown on the agar plate were resuspended in 1 ml LB and the suspension was added to 

the small flask. The culture was incubated in a shaking incubator, 37 oC shaking at 100 RPM. OD600 

was measured hourly in order to ensure bacterial growth. When the OD600 reached a value of ~0.2 

the bacteria suspension was decanted to the large flask (containing 900 ml M9 medium and 

additives). The bacteria were grown until an OD600 value close to 0.8 was obtained. A 500 μl fraction 

was collected for sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) analysis. 

To induce protein expression, 500 μl sterile filtered isopropyl β-D-1-thiogalactopyranoside (IPTG) (1 

M) was added. The culture was incubated for 18 hours at 16 oC, 100 RPM. A fraction of 500 μl was 

extracted after induction for SDS-PAGE analysis. The samples collected prior and after induction were 

centrifuged for 5 minutes at 5000 RPM, using a table-top centrifuge. The supernatant was decanted 

and the pellet was resuspended in SDS loading dye. An SDS-PAGE analysis was performed in order to 

check that the induction had been successful. The culture was centrifuged at 4000 g, 4 oC for 40 

minutes. The supernatant was decanted and the pellet was resuspended in 60 ml chilled 10 mM NaPi 

buffer, pH 2, mixed with 1 ml 1 M HCl. The HCl was added to the buffer to prevent precipitation as 

the pellet may cause an increase in pH close to the protein pI as it is resuspended. ½ EDTA free 

protease inhibitor tablet was added to the resuspension to protect the protein from degradation. 

The sample was stored at -80 oC until purification. 

The cells were thawed and sonicated in four cycles of 1 minute with the settings: pulse on at 20 

seconds, with amplitude set at 30%, and pulse off at 59.9 seconds. The sonicated cells were 

centrifuged for 15 minutes at 20 000 g, 4 oC. A 40 μl sample of the supernatant was extracted to 

validate with SDS-PAGE analysis that sonication had been successful. The supernatant was decanted 

to a beaker containing 200 ml chilled and stirred 50 mM bis-Tris buffer (pH 6.5). The buffer was kept 

stirred at high speed during the decantation to prevent precipitation of the protein. The solution was 

sterile filtered through a 0.45 μm filter and kept chilled.  

4.2 Protein Purification 

An anion-exchange column (Q-sepharose FastFlow 5 ml, GE Healthcare) was used for protein 

purification and the pump flow for the entire purification process was set to 2 ml/min. Chilled buffers 

were used during the chromatography and all fractions collected were swiftly placed on ice. The 

column was washed with 10 column volumes (CV) Milli-Q H2O proceeded by 5 CV, 2 M NaCl and later 

equilibrated with 10 CV 20 mM bis-Tris buffer (pH 6). The column was loaded with the protein lysate 
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and the flow through was saved for SDS-PAGE analysis. 5 CV of 20 mM bis-Tris buffer (pH 6) was used 

to wash the column. The flow trough was once again collected. The protein was eluted with five 

buffers with NaCl concentrations of 0.1 M, 0.2 M, 0.3 M, 0.4 M and 1.0 M. 5 CV of each elution buffer 

was applied to the column, starting with the lowest concentration of NaCl. Fractions of 5 ml were 

collected during the entire elution step. The flow through was continuously checked for protein using 

Bradford reagent (Quick StartTM Bradford 1x Dye Reagent, Bio-Rad Laboratories, Inc.). Samples of 100 

μl were collected several times during the elution for SDS-PAGE analysis. The column was washed 

with 5 CV 2 M NaCl buffer (pH 6) proceeded by 10 CV Milli-Q H2O and the flow through was collected 

after the first wash. The column was prepared for storage with 2 CV 20% ethanol. 

The results of the SDS-PAGE analysis were used as reference when selecting fractions to pool. The 

fractions containing CaM-TR2C E140Q were pooled in a dialysis membrane with a molecular weight 

cutoff (MWCO) of 3500. The sample was dialyzed overnight against 4 l 20 mM bis-Tris (pH 6) buffer. 

After dialysis, the sample was concentrated. Protein lysate was continuously added to a 3000 MWCO 

concentration tube and was for the 15N-labelled sample centrifuged in a fixed angle rotor at 3000 g, 4 
oC. The 15N/13C-labelled sample was centrifuged in a swinging bucket rotor at 2000 g, 4 oC. The 

centrifugation was repeated until a retention volume of 4 ml was achieved. The protein 

concentration was measured with a spectrophotometer (NanoDrop® ND-1000, Thermo Scientific) in 

order to verify that the concentration had been successful. The sample was sterile filtered through a 

0.20 μm filter.  

To obtain a higher purity of the protein sample, gel filtration was conducted. The buffers used for gel 

filtration were sterile filtered and degassed. A column (HiLoadTM 16/60 SuperdexTM 75 pg, GE 

Healthcare) with a column volume of 120 ml was washed with 1.5 CV 20% ethanol proceeded by 1.5 

CV Milli-Q H2O at a flow rate of 1 ml/min (this flow rate was used during all steps of the gel filtration). 

The column was equilibrated with ~2 CV 20 mM bis-Tris (pH 6). The protein sample was loaded on the 

column and the eluate was collected on a 96-well plate in 1.5 ml fractions. The column was washed 

with 1 CV 20 mM bis-Tris buffer (pH 6) proceeded by 2 CV Milli-Q H2O. The column was stored in 20% 

ethanol. The chromatogram was analyzed and the wells containing protein were evaluated with SDS-

PAGE analysis. Fractions containing CaM-TR2C E140Q were pooled and dialyzed overnight against 4 l 

Milli-Q H2O. A membrane with the molecular cutoff 3500 MWCO was used.  

The purified protein sample was concentrated with a 3000 MWCO concentration tube. The 15N-

labelled sample was centrifuged in a fixed angle rotor at 3000 g, 4 oC, 20 min/cycle. The 15N/13C-

labelled sample was centrifuged in a swinging bucket at 2000 g, 4 oC, 20 min/cycle. The sample was 

concentrated to high protein concentration suitable volume for NMR analysis. 20 molar equivalents 

of CaCl2, NaN3 to a final concentration of ~0.2 mM and an amount of D2O corresponding to ~10% were 

added to the protein sample. 

4.3 NMR Analysis and Data Processing 

For the 15N-labelled protein sample, the pH was adjusted in between NMR analyses to pH 5.54, pH 

6.53 and pH 7.52 respectively. The pH of the 15N/13C-labelled sample was adjusted to pH 4. The 

samples were analysed using a Varian 500 MHz spectrometer with a cryoprobe at 28 oC. An HSQC 

experiment was carried out for the 15N/13C-labelled sample. R1ρ dispersion experiments were 

recorded for the 15N-labelled sample. Data at 18 different effective fields ranging from 1000-20000 

Hz was acquired. The decays were sampled at seven relaxation delays in the range 0-30 ms. The 
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NMRPipe suite13 was used for processing the spectra and Sparky14 was used to centre peaks and 

export peak lists. To integrate the peaks a new version of PINT15, mtPINT, was used. In house 

software (Markus Niklasson, unpublished), available upon request, were used for curve fitting. 

4.4 Environmental Responsibility 

Guidelines were followed during the laboratory work in order to reduce the impact on the 

environment and health. All waste material and containers that had been in contact with the 

Kanamycin resistant Escherichia coli and/or the antibiotic Kanamycin were autoclaved. Materials 

such as aluminium and paperboard were recycled to highest possible grade. Common laboratory 

safety guidelines were strictly followed.  

4.5 Project Plan 

A weekly planning schedule was created for a better management of time. The schedule can be 

observed in its fullness at Appendix 1. 
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5 Results 

5.1 Bacterial Growth 

The bacterial growth, Figure 1, went for both cultures according to expectations. The log phase was 

exponential for both samples, with the 15N/13C-labelled bacteria growing slightly faster than the 15N-

labelled bacteria. This is explained by a more efficient preheating of the 15N/13C-labelled sample. No 

stationary phases were detected which indicated that depletion of an essential nutrient did not 

occur. For the 15N-labelled culture, bacteria were grown until a value of optical density measured at 

600 nm (OD600) of 0.70 was measured. For the 15N/13C-labelled culture, the last OD600 before 

induction was measured to a value of 0.74.  

 

 

Figure 2 – OD600 is plotted over time. Bacteria were first grown in a small baffled flask and decanted into a large baffled 
flask when OD600 reached a value of approximate 0.2. The OD600 values prior decantation have been weighted with a 
factor of 10 to enable comparison between 100 ml and 1 l of culture. Bacteria for both samples were grown until OD600 
was approximately 0.7 and were at that point induced with 1 M IPTG. 

 

5.2 Protein Purification 

5.2.1 Ion-Exchange Chromatography 

SDS-PAGE analysis was performed for both samples for validation of induction and sample purity 

after ion exchange chromatography, Figure 2. The induction of CaM-TR2C E140Q was successful 

based on the samples analysed prior and after 18 h induction. After induction, a more intense stain 

appeared in the lower molecular weight region where stains generated by CaM-TR2C E140Q are 

found. The induction of CaM-TR2C E140Q was further confirmed by a broad, intense stain that was 

observed in the results from the analysis of cell lysate collected after sonication and centrifugation. 

In the same analysis, impurities of higher molecular weight were observed. Some of the impurities 

were observed in the flow through after the appliance of cell lysate to the ion-exchange column. The 

following wash step removed additional impurities. In the sample collected from the second fraction 

when eluting with 0.2 M NaCl, protein was barely detected. CaM-TR2C E140Q was observed when 
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analysing the fourth and second fraction when eluting with 0.2 M NaCl and 0.3 M NaCl, respectively. 

No protein was observed in the following analysis of eluate from the final wash step.     

 

 

Figure 3 – SDS-PAGE analysis of 
15

N/
13

C-labelled sample used for validation of induction and sample purity after ion 
exchange chromatography. The samples analysed were as follows. I: Protein ladder, II: Sample collected prior induction, 
III: Sample collected after 18 h induction, IV: Cell lysate extracted after sonication, V: Flow through, VI: Sample 
collected from the second fraction when eluting with 0.1 M NaCl VII: Sample collected from the second fraction when 
eluting with 0.2 M NaCl, VIII: A stain generated by CaM-TR2C E140Q can be observed in the sample collected from the 
fourth fraction when eluting with 0.2 M NaCl  IX: Sample collected from the second fraction when eluting with 0.3 M 
NaCl is given rise to an intense stain generated by CaM-TR2C E140Q, X, XI, XII, XIII and XIV: samples without 
detectable protein collected from remaining eluate fractions using elution buffers with NaCl concentrations of 0.3-1.0 M 
XV: Sample extracted from final wash.  

5.2.2 Gel Filtration 

Despite that no impurities could be observed in the SDS-PAGE analysis made after ion-exchange 
chromatography, gel filtration showed that contaminants still were present in both samples, Figure 
3. For the 15

N-labelled protein sample the gel filtration yielded low signal for CaM-TR2C E140Q. The 
collected fractions from the gel filtration of the double labelled sample are shown in Figure 4. 
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Figure 3 – The chromatogram acquired from gel filtration of 
15

N/
13

C-labelled sample. CaM-TR2C E140Q along with an 
impurity in the fractions collected between 63 ml and 75 ml are given rise to a peak of approximately 250 mAU at 280 nm. 
Impurities that could be eliminated are observed in fractions collected after 78 ml. 

 

 

Figure 4 - SDS PAGE analysis of the 
15

N/
13

C-labelled sample used for determination of gel filtration efficiency and 
guidance regarding pooling of collected elaute fractions. The samples analysed were as follows. I: Protein ladder, II: 
Sample extracted from filtrate of concentration prior gel filtration, III: Sample extracted from protein concentrate prior 
gel filtration, IV: Sample extracted from loop waste, V, VI and VII: fractions containing CaM-TR2C E140Q, VIII, IX and 
X: fractions without detectable protein. 
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5.2.3 Volumes and Concentrations of Protein Samples  

The final 15N-labelled protein sample was concentrated to a volume of 465 μl. After adding D2O, NaN3 

and CaCl2 the volume of the sample was 525 μl with a protein concentration of 531 μM. The 15N/13C-

labelled protein sample was concentrated to a volume of 559 μl. After adding D2O, NaN3 and CaCl2 

the volume of the sample was 638 μl with a protein concentration of 142.6 μM. The measured 

protein concentrations of the double labelled and the 15N-labelled NMR samples are on the low end 

and mid level, respectively, for conducting NMR measurements. However, for the intents and 

purposes of this thesis it was evident that the sample concentrations were sufficient.  

5.3 NMR Measurements 

5.3.1 1H-15N HSQC Measurements 
1H-15N HSQC spectra were recorded for the 15N/13C-labelled sample at pH 4 and 15N-labelled sample 

at pH 6.53, Figure 5. As the 1H-15N HSQC spectra do not utilise 13C-labelling, spectra from the 15N/13C-

labelled sample and the 15N-labelled sample can be compared to each other. By comparison of the 

spectra, many peaks that are present at pH 6.53 have disappeared or changed chemical shifts at pH 

4. This can be interpreted as the result of CaM-TR2C E140Q changing its conformation. A plausible 

explanation is that alpha-helices have adopted a more random coil-like structure and that stabilising 

intramolecular hydrogen bonds have become weakened, forming a more open conformation. One 

significant peak disappearing is G134, when in Ca2+-bound state has the chemical shift of 

approximately 10 ppm for 1H and 113 ppm for 13N. This is a residue located close to the Ca2+-binding 

region of the second EF-hand. The loss of signal for this residue may be construed as the EF-hand 

losing affinity or its ability of biding Ca2+ at low pH. 
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Figure 5 – HSQC spectra of the 
15

N/
13

C-labelled sample at pH 4 and 
15

N-labelled sample at pH 6.53. At pH 4 many of the 
residues appear in the centre of the spectrum which indicates structural loss in comparison to the spectrum at pH 6.53 
where the resonances are more dispersed. G134, a residue of structural importance for the second EF-hand and thus the 
ability of binding Ca

2+
, approximately located at δH=10 ppm and δN=113 ppm, cannot be seen in the spectrum for pH 4. 

This indicates that CaM-TR2C loses its affinity for Ca
2+

 at lower pH. 
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5.3.2 R1ρ Dispersion Experiments 

From the R1ρ experiments there are evidence of structural changes of CaM-TR2C E140Q when altering 

the pH above and below the suspected pKa of H107. This may indicate that H107 is essential for the 

tertiary structure and thereby the Ca2+ affinity of CaM-TR2C E140Q. It is difficult to estimate the 

impact of the effects shown in the measurements, but residues of all four helices of CaM-TR2C E140Q 

became more dynamic at pH where H107 is suspected to be deprotonated and thereby affecting the 

formation of hydrogen bonds. When interpreting the results from the R1ρ dispersion experiments a 

ΔR2, estimated by R2(ω) at ω = 0 s-1 and ω = 19500 s-1, with a ΔR2 cutoff value of 3 s-1 was used for 

classifying movements of a residue as dynamic (ΔR2 > 3 s-1) or static (ΔR2 < 3 s-1). Figure 6 shows one 

example of each case as well as the R1ρ values plotted against the tilt angle, θ, which is the angle the 

effective magnetic field makes with the external magnetic field during the experiments. 

 

Figure 6 - Panels A and C show the difference in R2 as a function of ω between a static and a dynamic residue respectively. 
ΔR2 for G134 is approximately 65 s

-1
 and is considered to be dynamic, whereas A103 with ΔR2 <3 s

-1
 is considered static. 

Panels B and D show the same residues with R1ρ plotted against the tilt angle, θ. For these plots a spread in the curve fits 
when fitting R1ρ to different field strengths is considered to be due to dynamic properties of the residue studied. 

 

When increasing the pH, the spread of curves fitted to R1ρ with different field strengths was 

increased for some residues which correspond to increased dynamics, an example of this is shown in 

Figure 7. Residues becoming more dynamic with increased pH were analysed and highlighted in the 

protein structures of Figure 8. From this figure, it is apparent that helices, rigid by nature, become 

more dynamic in the studied pH interval. One way of explaining this is that intramolecular bonds may 

have weakened and cannot constrict motions as efficiently as at pH 5.54. Approximately half of all 

residues experienced changes in their dynamics when increasing pH. Many of these residues could be 
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found in the Ca2+-binding regions and at places where hydrogen bonds may form in the tertiary 

structure.  

 

 

Figure 7 – Panels A, B and C show the pH effects on R1ρ dispersions for residue N111. Both the spread in curves fitted to 
the R1ρ values and the increase in R1ρ values themselves indicate increased dynamics at higher pH. 
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Figure 8 – Structures of CaM-TR2C E140Q for apo and Ca
2+

-bound states, A and B respectively, showing an increase in 
dynamics as pH is increased. Residues that become more dynamic when the pH is increased are highlighted in red. 
Residues unaffected by a change in pH, within the studied pH interval are coloured grey. H107 is illustrated in stick form 
due to its possibility of being an important contributor to the changes seen in the studied pH interval. Below the panels, 
the sequence with the affected residues for CaM-TR2C E140Q is shown. The structures were rendered in PyMOL

5
 using 

coordinates from PDB accession codes 1CMG
16

 (Ca
2+

-bound) and 1CMF
14

 (apo). 

 

The conformational exchange time, τex, becomes higher for almost all residues when increasing the 

pH, Figure 9. Mean values of τex at the different pH were calculated, Table III. By interpreting this 

result using Equation 11 and Equation 12, an increased τex would lead to an increased value of R1ρ 

which confirms previous result. 

 Table III – Mean values of τex at different pH 

 

 

   

pH τex, mean value Standard deviation 

5.54 19.4 μs 5.41  μs 

6.53 24.3 μs 3.62  μs 

7.52 28.9 μs 8.69  μs 
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Figure 9 – The conformational exchange time, shown as bars, measured for residues at different pH. Black bars 

correspond to measurements at pH 7.52, green bars at pH 6.53 and red bars at pH 5.54.  
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6 Discussion 

6.1 Bacterial Growth 

The bacterial growth result indicates that additives were added to an appropriate concentration and 

that the environment (temperature, shaking speed) was set to a good condition. The curves would 

have been sigmoidal reaching the stationary phase prior an OD600 value of 0.7 if additives had been 

insufficient. A non-optimal temperature or shaking speed would lead to a slower growth. The 

preheating of the medium is likely to have minimized the lag phases caused by the time taken to 

achieve optimal growth conditions. It is likely to believe that bacteria still were growing for a time 

after the induction with IPTG and achieved an even greater OD600 value as the process of cooling the 

cultures to 17 °C is not instantaneous. 

6.2 Protein Purification 

The ion-exchange chromatography did not indicate significant loss of protein and is thereby 

considered successful. After investigation it was found that the concentration tube used prior gel 

filtration had leaked protein into the filtrate causing a major loss of protein. The action taken at this 

point was to pool the filtrate with the gel filtrated protein sample and to produce an NMR sample 

with this mixture. This yielded an NMR sample with sufficient protein concentration but with the 

disadvantage of lesser purity. The contamination has not affected the measurements or protein 

stability up to date. For the double labelled protein sample, necessary precautions were taken to 

prevent protein leakage of the concentration tube and it was successfully checked with SDS-PAGE 

analysis. Instead of concentrating the sample at 3000 g in a fixed angle rotor as done for the 15N-

labelled sample, the 15N/13C-labelled sample was concentrated at 2000 g using a swinging bucket. 

This method was successful with no detected leakage and with a sample of higher purity, as visually 

gauged in the HSQC-spectrum. CaM-TR2C E140Q has a low absorption coefficient compared to other 

proteins and has few residues with conjugated systems which made concentration measurements 

more unreliable. One solution to this problem could be to mutate the protein, inserting a residue 

such as tryptophan that makes measurements easier to carry out. Investigations would have to been 

performed to ensure that the mutagenesis do not alter the structure or the function of the protein in 

a significant matter. Even though the measured protein concentrations were high enough to carry 

out the desired experiments, the protein expression and purification protocol may be improved upon 

to maximise protein yield. Actions such as growing larger volume bacteria would grant samples of 

higher concentration, but with the downside of being more costly. A higher amount of IPTG could be 

tested to examine if an increase of induction would occur, however as IPTG is toxic at higher 

concentrations this must be investigated carefully. 

6.4 NMR Spectroscopy Results 

Results from the HSQC suggested that the protein adopted a more open conformation with 

weakened intramolecular interactions when decreasing the pH from 6.53 to 4. By the observance of 

the loss of signal of G134 found in of the loops, the second EF-hand is likely to lose its affinity for 

Ca2+.  

With the result of approximately half of the residues becoming more dynamic when increasing the 

pH it is likely to believe that the pH has a major impact on the change of conformation. Elements 

such as the Ca2+-binding loops increase their dynamics as pH is increased within the studied pH 

interval which could be explained by a possible deprotonation of H107.  
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6.5 Further Analysis 

As shown, the dynamics of CaM-TR2C is likely to depend on the pH but the exact source of the 

conformational changes is still unknown. A theory defined, consolidated by the results, is that 

protonation/deprotonation of H107 is the most likely source. This could be further investigated by 

for example performing more R1ρ dispersion experiments at pH closer to the pKa of H107. Further 

studies may also include protein backbone assignments at lower pH where signals appear in the 

centre of the HSQC spectrum. 
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Appendix 1 

Project Plan 

Week Planned activities 

1 Introduction to work place, buffer preparation, 15N-labelled bacterial cultivation, 
protein expression 

2 Protein purification, protein concentration, preparation of 15N-labelled NMR sample 
3  13C/15N-labelled bacterial cultivation, protein expression, NMR measurements of 15N- 

labelled sample 
4 13C/15N-labelled protein purification, protein concentration, preparation of 13C/15N-

labelled NMR sample 
5 NMR measurements of 13C/15N-sample, introduction to computer software, data 

processing 
6 Data processing 
7 Data processing, work on report 
8 Work on report 
9 Finish report 
10 Presentation of report 

 


