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Abstract 
Neuronal calcium sensor 1 (NCS-1) is a protein expressed in all living organisms and mostly 
in neurons. In humans, it has an important role in synaptic plasticity, learning and memory, and 
neurodegeneration. NCS-1 senses changes in calcium concentration with conformational 
changes which renders it active to interact with many binding partners. NCS-1 has four 
calcium-binding EF-hands organized in two domains and has an intrinsically disordered C-
terminal tail that lacks a defined conformation. It is known that the tail occupies a hydrophobic 
crevice on NCS-1 when bound to calcium, stabilizing the native structure, but little information 
is available on the magnesium-bound and the apo states. Studying disordered regions can be 
challenging due to their heterogeneous conformational ensembles and dynamic nature. Many 
ensemble structural biology methods are insensitive to changes in protein conformation 
because they result in averages of molecular events that occur during the experiment. Single-
molecule FRET (smFRET) measurements are, on the other hand, a collection of independent 
events from individual molecules and can therefore detect transient and rare molecular 
processes. In this project the aim was to study the conformational dynamics of NCS-1, 
including its disordered C-terminal tail, using smFRET. Cysteine variants were successfully 
produced and labeled with two distinct fluorophores in positions 4 and 188, effectively probing 
the end-to-end distance of the entire protein, including the C-terminal tail. Equilibrium 
unfolding experiments in the absence or presence of divalent ions revealed a rich unfolding 
mechanism with many intermediate states, in agreement with previous results. Surprisingly, 
the native conformation of the apo-state, magnesium-bound state, and calcium-bound state all 
had essentially identical end-to-end distances between the fluorophores whereas the stability 
of these states was drastically different. Furthermore, the apo-state, which has classically been 
considered a molten-globule, unfolded through multiple intermediate states, implying a well-
folded structure. Overall, the results suggest that the intrinsically disordered C-terminal tail 
may play a role in stabilizing the native conformation independently of ion binding and that 
the apo-state properties may be more complex than previously thought. 
 

 

  



  

  



  

 

Útdráttur 
Neuronal calcium sensor 1 (NCS-1) er prótein sem er tjáð í öllum lífverum og að mestu leyti í 
taugafrumum. Próteinið gegnir mikilvægu hlutverki í eiginleikum taugamóta í mönnum, við 
getuna að muna og læra, og í taugahrörnum. NCS-1 skynjar breytingar í kalsíum styrk innan 
frumu með breytingum á myndbyggingu sinni sem leiðir til þess að próteinið getur bundist 
mismunandi marksameindum, NCS-1 hefur fjórar EF-hendur sem raðað er í tvö hneppi og það 
hefur óreiðukenndan C-enda hala sem skortir stöðuga byggingu. Það er þekkt að þessi C-enda 
hali fyllir upp í vatnsfælinn vasa á NCS-1 í fjarveru bindils þegar það er bundið kalsíum jónum 
en lítið er vitað um eiginleika próteinsins þegar það er bundið magnesíum eða þegar það er 
ekki bundið neinum jónum. Það getur reynst erfitt að rannsaka óreiðuprótein þar sem 
hreyfanleiki próteinanna er mikill. Flestar hefðbundnar aðferðir eru ónæmar fyrir skyndilegum 
breytingum á byggingu próteinanna vegna þess að þær greina meðaltal margra atburða sem 
gerast á meðan tilrauninni stendur. Einsameinda FRET mælingar gefa hins vegar upplýsingar 
um sjálfstæða atburði og geta því numið skammlíf og sjaldgæf ferli innan sameinda. Í þessu 
verkefni var markmiðið að skoða NCS-1, þar á meðal óreiðu C-enda halann með einsameinda 
FRET. Cystein afbrigði af NCS-1 voru útbúin og merkt með tveimur mismunandi flúrljómandi 
hópum í stöðum 4 og 188 þannig að hægt var að rannsaka próteinið frá enda til enda. Jafnvægis 
afmyndunar tilraunir í fjarvist og viðurvist tvígildra jóna sýndu afmyndunarferla með mörgum 
milliástöndum sem var í samræmi við fyrri rannsóknir. Það kom á óvart að svipmótuð bygging 
próteinsins í fjarvist og viðurvist tvígildra jóna hafði nokkurn vegin sömu fjarlægðina á milli 
flúrljómandi hópanna en stöðugleiki þessara ástanda var gjörólíkur. Niðurstöðurnar gefa til 
kynna að óreiðukenndi C-halinn gæti spilað mikilvægt hlutverk í stöðgun á svipmótaðri 
byggingu próteinsins, óháð bindingu jóna auk þess sem að eiginleikar apo-stigsins gætu verið 
margbrotnari en áður var talið.  
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1 Introduction 

1.1 Neuronal Calcium Sensor 1 

1.1.1 The role of NCS-1 

NCS-1 is expressed in all living organisms. It is primarily expressed in neurons and is the most 
ancient member of the NCS family (Gierke et al., 2004). NCS-1 was originally discovered in 
the nervous system of Drosophila melanogaster and was named frequenin (Pongs et al., 1993). 
It is encoded by 14 genes in humans and its amino acid sequence is highly conserved. NCS-1 
regulates downstream cell signaling, which result in numerous physiological responses such as 
exocytosis, nuclear calcium regulation, axonal regeneration, neuroprotection (Boeckel and 
Ehrlich, 2018), and long term depression (Burgoyne and Haynes, 2015). It is a calcium binding 
protein, and the presence of calcium modulates NCS-1 interaction with various other protein 
binding partners via conformational changes (Braunewell and Gundelfinger, 1999).  

NCS-1 interacts with various proteins, depending on whether it is bound to calcium or not. One 
of the most interesting ones are the dopamine D2 receptor, phosphatidylinositol 4-kinase (Pik1) 
and IL-1 receptor accessory protein-like (IL1RAPL). NCS-1 interacts with GRK2 kinase in its 
magnesium bound state. (Boeckel and Ehrlich, 2018). Due to interactions with proteins 
implicated in synaptic plasticity, NCS-1 has been linked to several neurological diseases, 
including bipolar disorder, schizophrenia and addiction (Burgoyne and Haynes, 2015). It has 
also been implied to promote motility and metastatic spread of breast cancer cells (Apasu et 
al., 2019). To fully understand how NCS-1 affects these diseases, it is of the essential to 
comprehend how the structure and dynamics of the protein link to its functions.  

1.1.2 Structure of NCS-1 

NCS-1 is a 190 residues protein with a molecular mass of approximately 22 kDa. The protein 
undergoes a posttranslational modification in vivo where a lipid group, a myristoyl, is attached 
to the N-terminal through a process called myristoylation. This enables the protein to bind to 
the intracellular layer of the cell membrane. NCS-1 has two EF-hand domains, each containing 
a pair of EF-hands, and a short C-terminal tail. An EF-hand folds into a helix-loop-helix 
structure which resembles a righthand fist with the thumb and the index finger pointing out 
(Tosetti and Dunlap, 2004). Figure 1.1 depicts a representation of the NCS-1 structure. The 
loop in each EF-hands binds a calcium ion, however, only three out of four hands can bind 
calcium ions in NCS-1. This is due to a conserved Cys to Pro mutation in the first hand (EF1), 
since proline cannot coordinate calcium binding through a thiolate group like cysteine. In the 
absence of calcium, EF2 and EF3 bind magnesium ions instead, while EF4 remains 
unoccupied. It has also been reported that EF4 has the lowest binding affinity for calcium 
(Aravind et al., 2008).  
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Figure 1.1 Representation of the structure of NCS-1, two EF-hand domains and a C-terminal 
tail. NCS-1 only binds three calcium ions.  

The tertiary structure of NCS-1 differs depending on its metal bound state. When bound to 
calcium it has a stably folded core, but when bound to magnesium, it exists in a molten-globule-
like state. The apo state has an even less stable structure than the magnesium bound structure 
and it has therefore been challenging to obtain high resolution information on the apo structure 
(Ames et al., 2000). It has been suggested to adopt either a molten globule, or form multimeric 
species (Heidarsson et al., 2012).  

NCS-1 contains nine α-helices (figure 3.1), seven of which make up a hydrophobic crevice on 
the opposite side of the EF-hands (figure 1.2). This crevice is completely solvent-exposed when 
the protein is bound to calcium, enabling hydrophobic interactions with its binding targets 
(Philippov, 2006). The crystal structure of unmyristoylated calcium bound human NCS-1 
exhibits a tenth α-helix at the end of the C domain (Bourne et al., 2001). NMR structure of 
NCS-1 reveals the tenth helix to be mainly a disordered C-terminal tail (Heidarsson et al., 
2012), where residues 178-183 may be able to form a short-lived helix. In the absence of a 
binding partner the C-terminal tail occupies the hydrophobic crevice and upon binding the tail 
is displaced (Strahl et al., 2007). The tail, which consists of residues 176-190, has recently been 
shown to be  crucial for the dynamic properties of NCS-1, acting as a ligand-mimic in the 
absence of binding partners (Staby et al., 2020).   

EF1

EF2

EF4

EF3
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Figure 1.2 Space-filled surface representation of NCS-1 showing the hydrophobic crevice, 

acquired with NMR analysis, PDB code 2LCP. The C-terminal residues 176-190 are 
represented as green sticks, occupying the hydrophobic crevice (represented with blue color). 
Adapted from: (Heidarsson et al., 2012). A cartoon representation of this figure can be seen 

in figure 3.1 (right). 

1.1.3 NCS-1 folding dynamics 

The folding mechanisms of NCS-1 have been observed using single molecule optical tweezers. 
Each domain of the protein fold individually when the protein is bound to calcium. First the  
C-domain collapses to a partially folded state (I2) upon calcium binding in EF3, where EF3 is 
folded and EF4 is partially folded. Then EF4 binds a calcium ion and the C domain becomes 
properly folded (I1) Only then, the N-domain can fold into its native state (figure 1.3c) 
(Heidarsson et al., 2013). From the intermediate states the folding pathway can lead to two 
misfolded states (Heidarsson et al., 2014). The protein exhibits a three-state unfolding reaction 
in calcium bound state (figure 1.4) (Muralidhar et al., 2005). The folding reaction of 
magnesium bound protein is distinct from the folding properties of the calcium bound state.  
N-domain folding is the same, but the C-domain exhibits an all-or none folding reaction, 
making the folding more efficient and safe because of lesser chance of misfolding. In the 
absence of divalent ions, the N-domain is unstructured while the C-domain is folded (Naqvi et 
al., 2015).  
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Figure 1.3 Folding mechanisms of NCS-1 in different metal bound state. A: magnesium 
bound state. B: Apo state. C: calcium bound state. The N-domain is shown as green circles, 
the C-domain is shown as blue circles, respectively, and divalent cations are shown as black 
circles. The wavy line in C represents a partially folded EF4. Adapted from: (Heidarsson et 

al., 2013) and (Naqvi et al., 2015) 

 

Figure 1.4 GuHCl-induced unfolding profile of wt-NCS-1 (filled circles) and NCS-1Δ176–190 
(empty circles) (NCS-1 without the C-terminal tail), monitored by fluorescence emission 
intensity at 325 nm with excitation at 295 nm, at room temperature. The continuous lines 

represent the best fit to the data. Adapted from: (Heidarsson et al., 2012). 

1.2 Intrinsic disorder – the disordered tail 
Intrinsically disordered proteins (IDPs) are proteins that lack a well-defined, globular three-
dimensional structure. They are dynamic and fluctuate between a range of conformational 
stages rapidly. Proteins can both be defined as entirely disordered proteins or as having 
intrinsically disordered regions (IDRs) (Wright and Dyson, 2015), (Na et. al., 2018). IDPs 

C
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become more prevalent as the complexity of the organism increases and half of all proteins in 
humans are predicted to have a disordered region of at least 30 amino acids in length. What 
distinguishes IDPs from other proteins is that they have a significantly decreased amount of 
aliphatic and aromatic residues as well as being enriched in polar and charged residues  (Wallin, 
2017).  

The C-terminal tail of NCS-1 is a 15-residue disordered region. It has recently been shown that 
this tail regulates domain stability using ligand mimicry, in the way that it has a so-called LSL 
motif (183Leu-184Ser-185Leu) which can also be found in at least one binding partner (Staby 
et al., 2020), Pik1 (Strahl et al., 2007). The tail also controls the kinetics of interactions with 
ligands when NCS-1 is bound to calcium (Staby et al., 2020). But how exactly the C-terminal 
tail modulates the NCS-1 interactions, along with how it behaves in different metal bound states 
remains unknown.   

Studying IDPs can be a challenge as they cannot be addressed with traditional methods 
optimized for folded proteins. This is due to the heterogenous conformational ensembles and 
dynamic nature of IDPs which causes them to be virtually impossible to crystallize for X-ray 
diffraction. Furthermore, disordered regions in crystallizable proteins cannot be observed in 
crystal structure either. NMR spectroscopy is a powerful technique to observe states at atomic 
resolution and dynamics (Na et al., 2018), but like most methods, it can be difficult to detect 
fast or transiently populated changes in protein conformation because the results are the 
average of molecular events that occur during the experiment. Ensemble techniques can thus 
suffer from information loss, including information on the dynamic heterogeneity of each 
individual molecule. Single molecule spectroscopy has proven to be a powerful technique 
allowing the study of individual molecules over time as well as the interaction with other 
surrounding molecules (Sasmal et al., 2016). The next section provides an introduction to the 
single molecule techniques used in this project. 

1.3 smFRET 
Single molecule spectroscopy is used to obtain information about the structure, dynamics and 
even the environment of a molecule on a broad range of timescales. In molecular biology, 
single-molecule Förster resonance energy transfer (smFRET) is one of the most frequently 
applied techniques used to observe single molecules (Sasmal et al., 2016). FRET is the non-
radiative energy transfer between a donor and an acceptor fluorophore, and transfer efficiency 
is quantified with respect to the fluorophores’ proximity to each other. That is, changing 
distances between the fluorophores can be detected from changes in the energy transfer 
efficiency. The FRET efficiency for a single distance between a donor and an acceptor is 
defined as 

𝐸 = 	
𝑅%&

𝑅%& + 𝑟&
 

where E is the efficiency, R0 is the Förster radius and r is the distance (see section 3.4.6, 
equation 10 for further demonstration) (Hellenkamp et al., 2018). When the donor fluorophore 
is excited, it can either emit a photon or transfer its energy by dipole-dipole coupling with an 
acceptor fluorophore. The acceptor then emits a fluorescent photon that can be detected. The 
fluorophores are attached at specific positions on the protein with flexible linkers. In this 
project synthetic maleimide derivatives are attached to the thiol group on cysteine residues via 
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thioether bond formation (figure 1.3). Even though the maleimide dyes are not relatively large, 
an estimation of their impact on the structure and stability of the protein has to be made. The 
emission spectra of the donor and the absorption spectra of the acceptor have to overlap in 
order to allow FRET and the distance between the fluorophores is limited to 1-10 nm (Schuler, 
2007). 

 

Figure 1.5 Reaction of a maleimide with a thiol. Adapted from: (van Geest and Lolkema, 
2000). 

Because smFRET measurement results are not the average of molecular events happening over 
a certain time, but a collection of independent events, it can detect molecular processes with 
lesser loss of information (Ferreon et al., 2010). Because disordered proteins do not have a 
defined structure and their conformation can change rapidly, this method is ideal to observe 
how they function. Understanding the dynamics and properties of IDPs is essential to increase 
our knowledge of how proteins function, and thus, increasing the understanding of life.  
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2 Objective 
The objective of this project was to study the dynamics of NCS-1 and the C-terminal tail using 
single molecule spectroscopy, it can be divided into three parts.  

In the first part, the aim was to express cysteine variants of NCS-1 and prepare them for thiol 
labeling. An NCS-1 variant with cysteines in positions 4 and 188 (NCS-14/188C) was expressed 
using LEMO21 (DE3) cells and then purified using various approaches such as precipitation 
and chromatography based on hydrophobic interactions and ion exchange.  

In the second part, the protein variant was labeled using two distinct fluorophores and double-
labeled protein was purified from unlabeled and single labeled proteins using HPLC. An 
estimation of the fluorophores impact on the proteins’ stability was also carried out.  

In the third and final part, the aim was to measure the double-labeled protein using single 
molecule spectroscopy to measure distances between the two fluorophores under different 
conditions. Ultimately, my goal was to determine whether single-molecule spectroscopy could 
be used to detect NCS-1´s conformational dynamics and intermediate states during unfolding.  
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3 Methods and materials 

3.1 Materials 

3.1.1  Chemicals 

Table 3.1 List of chemicals used in this project and their supplier.  

Chemicals Supplier 

Acetic acid Honeywell 

Acetonitrile Honeywell 

Acrylamide Sigma Aldrich  

Agar BD 

Ammonium persulfate, APS Sigma Aldrich  

Ampicillin  Applichem  

β-mercaptoethanol Sigma Aldrich 

Brilliant Blue G Sigma Aldrich 

Calcium Chloride, CaCl2 Sigma Aldrich  

Chloramphenicol  Sigma Aldrich  

CF660R, maleimide Sigma Aldrich 

Cy3B, maleimide ThermoFisher 

Dimethyl sulfoxide, DMSO Sigma Aldrich 

Dithiothreitol, DTT  Sigma Aldrich 

Ethanol Honeywell 

Ethylenediaminetetraacetic acid, EDTA AppliChem 

Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′- tetraacetic acid, EGTA  Sigma Aldrich 

Glycine Sigma Aldrich 

Guanidinium chloride, GdmCl ThermoFisher 
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Hepes Sigma Aldrich 

HiTrap Q pre-packed column, 5 mL GE Healthcare  

Hydroxide Chloride, HCl Honeywell 

Isopropanol Sigma Aldrich 

Isopropyl β-D-1-thiogalactopyranoside, ΙPTG Applichem 

Lemo21 (DE3) cells New England Biolabs 

Magnesium Chloride, MgCl2 Sigma Aldrich 

NuPage LDS sample buffer Invitrogen 

PageRuler prestained  ThermoFisher 

Peptone Sigma Aldrich  

pET-16B plasmid Genscript 

Potassium chloride, KCl Sigma Aldrich  

Potassium phosphate dibasic Sigma Aldrich  

Potassium phosphate monobasic Sigma Aldrich  

Protamine sulfate salt from salmon Sigma Aldrich  

Phenyl Sepharose column material Cytiva  

Sodium Chloride, NaCl Honeywell 

Sodium Dodecyl Sulfate, SDS Thermo Scientific 

TEMED Sigma Aldrich  

Trifluoroacetic acid, TFA Sigma Aldrich  

Tris Brenntag 

Tween 20  AppliChem 

Yeast extract Neogen 
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3.1.2  Buffers and solutions 

Table 3.2 List of buffers and solutions used in this project and their composition, in the order 
in which they appear in the text.   
 

Solution Composition 
HTB, hepes transformation buffer 10 mM Hepes, 15 mM CaCl2, 55 mM MnCl2, 250 mM KCl in H2O, pH 

6.7 
LB, lysogeny broth 10 g peptone, 5 g yeast extract, 10 g NaCl in 1000 mL of H2O 
Lysis buffer 100 mM KCl, 1 mM EGTA, 1 mM DTT, 1 mM MgCl2, 50 mM Hepes in 

H2O, pH 7.9 
5% protamine sulfate 50 mg protamine sulfate in 1 mL of H2O 
Buffer A  1 mM MgCl2, 1 mM DTT, 1 mM CaCl2, 20 mM Tris-HCl in H2O, pH 7.9 
Buffer B 1 mM MgCl2, 1 mM DTT, 2 mM EGTA, 20 mM Tris-HCl in H2O, pH 7.9 

LTB 0.5 M Tris Base, 0.4 % SDS in H2O, pH 6.8  
UTB 1.5 M Tris Base, 0.4 % SDS in H2O, pH 8.8 
10x Running buffer 0.25 M Tris Base, 2 M glycine, 1% SDS in H2O 
CBB (Coomassie Brilliant Blue) 
stain 

0.1% Coomassie Brilliant Blue G250, 40% ethanol, 10% acetic acid 

Destainer 15% ethanol, 5% acetic acid, 5% glycerol 
Salt Buffer B 1 M NaCl, 1 mM MgCl2, 1 mM DTT, 1 mM CaCl2, 20 mM Tris-HCl in 

H2O, pH 7.9 
Mobile phase buffer A  0.1 % TFA in mQH2O 
Mobile phase buffer B 0.08 % TFA in acetonitrile.  
Labeling buffer 61.5 mM K2HPO4, 38.5 mM KH2PO4 in H2O, pH 7 and degassed 

 

3.2 NCS-1 purification 
Two variants of NCS-1 were generated for this project. One variant had the natural Cys38 
replaced by serine and two cysteines were engineered at positions 4 and 188, replacing Ser4 
and Gly188 (NCS-14/188C). The other variant had Ser178 replaced by cysteine and the natural 
cysteine at position 38 was kept (NCS-1178C). Figure 3.1 shows the positions of the cysteines 
in these two variants and the distances between them. 
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Figure 3.1 NCS-1 and its cysteines positions in the variants used. Swiss-PdbViewer used to 
demonstrate these figures (PDB code: 2LCP). Colored with secondary structure succession 
acting on ribbons. Left: NCS-14/188C variant with 39.71 Å between the cysteines. Right: NCS-

1178C variant with 37.69 Å between the cysteines.  
 

3.2.1  Expression, cell lysis and protamine sulfate precipitation 

Plasmids, pET-16b with AMP resistance, containing the gene for NCS-1 with 4C/38S/188C 
mutations, previously made by Dr. Pétur Orri Heiðarsson, were put in LEMO21 (DE3) 
Escherichia coli cells, that had been resuspended in HTB solution. 1 μL of plasmid was added 
to 100 μL of cells and kept on ice for 30 minutes. They were then placed in a heating block at 
42 °C for 45 seconds and placed back on ice for 2 minutes and 30 seconds but thereafter 950 
μL of LB media was added to the cells, and they allowed to grow at 37 °C at 300 rpm for one 
hour. Then they were spread on Petri dishes containing LB media with 1.5% w/v agar and the 
antibiotics ampicillin (AMP, 100 μg/mL, kills all cells that did not take up the plasmid) and 
chloramphenicol (CAMP, 30 μg/mL, kills all other bacteria than LEMO21), and the cultured 
at 37 °C overnight.  
 
A colony from one of the Petri dishes was transferred to 5 mL of medium containing AMP and 
CAMP at the same concentration as before and allowed to grow at 37 °C at 280 rpm overnight 
under aerobic conditions. The bacterial culture was next scaled up to 950 mL and incubated at 
37 °C and 140 rpm. When OD600 (optical density at 600 nm) had reached 0.7 the expression of 
NCS-1 was activated with isopropyl β- d-1-thiogalactopyranoside (IPTG, 1 mM) and incubated 
overnight under same conditions as before. At last, the cells were harvested by centrifugation 
at 5000 xg for 10 minutes at 4 °C.  
 

Cells containing NCS-1178C (Halldórsson, 2020) and cells containing NCS-14/188C were 
suspended in 15 mL of lysis buffer. The pellets were stored at -80 °C before lysis, for a 
minimum of one hour. Next, the cells were sonicated five times for 30 s at a time and kept on 
ice in between. The pellet containing the NCS-14/188C mutant was lysed in the same manner, 
except lysozyme was added to the dissolving buffer to the final concentration of 100 μg/mL to 
improve the lysis. To precipitate DNA, lipids and insoluble proteins, 5 % protamine sulfate 
was added to the sample at every minute for 10 minutes in 30 μL portion, a total of 300 μL of 
5 % protamine sulfate to the final concentration of 0.1%. The sample was incubated on ice for 
a minimum of 10 minutes and centrifuged at 3500 xg for 45 min. The lysate was collected with 

NCS-14/188C NCS-1178CGly188 

Ser4 
Cys38 

Ser178 
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a syringe and filtered with 0.45 μm syringe filter. At last, CaCl2 was added to the lysates to the 
final concentration of 2 mM. 

3.2.2 Hydrophobic interaction chromatography 

Hydrophobic interaction chromatography (HIC) was used to isolate NCS-14/188C and  
NCS-1178C from the bacterial lysate. The lysate (14 mL) was loaded to an 18 mL phenyl 
sepharose column using a Bio-Rad liquid separation system. The protein was in a buffer 
containing calcium, so its hydrophobic crevice was exposed. The column was pre-equilibrated 
with buffer A (see table 3.2). After loading the lysate, the column was washed with buffer A 
until it was equilibrated. Equilibrium is reached when the absorbance has been stable for ten 
min. Samples were collected in 5 mL aliquots. The protein was eluted with buffer B (table 3.2) 
with the flow at 2 mL/min. Buffer B contains EGTA, which binds to calcium ions with more 
affinity than NCS-1, so NCS-1 elutes from the column. The fractions containing each peak 
were pooled together and their concentration measured with Nanodrop. 

3.2.3  SDS-PAGE  

To confirm which peak from the HIC contained the NCS-1 mutants, SDS-PAGE (Sodium 
Dodecyl Sulfate-PolyAcrylamide Gel Electrophoresis) was run. A home-cast 12% gel was used 
with a 5% stacking gel. The samples were loaded on the gel (7 μL of each sample, 0.5 μL of 1 
M DTT, and 2.5 μL of NuPAGE sample buffer) along with 2 μL of prestained page ruler protein 
ladder, and the gel electrophorized in a running buffer at 90 V for two hours. The gel was 
washed with warm deionized water under gentle agitation, a total of three times. At last, the 
gel was stained with Coomassie Brilliant blue stain for approximately 1 h and destained 
overnight using destainer (see table 3.2). Bio-Rad EZ GelDoc was used for gel imaging. 

3.2.4  Ion-exchange chromatography 

NCS-1178C was further purified using an anion-exchange chromatography (AIEX). A fraction 
of the protein peak from the HIC was dialyzed against buffer A. The sample was dialyzed using 
a Spectra/Por dialysis membrane tubing from Replien (MWCO. 10 kDa). The tubing was pre-
washed with H2O for 30 min. The sample was dialyzed overnight at room temperature with 
stirring. CaCl2 was added to the solution to a final concentration of 4 mM. The AIEX was 
performed using a HiTrap Q FF (Q Sepharose fast flow) 5 mL column using a Bio-Rad liquid 
separation system. The column was equilibrated with 5 column volumes of buffer A at 5 
mL/min and then 9.5 mL of the sample was loaded on at the same flow rate. The protein was 
eluted with a salt gradient (see table 3.3). Nanodrop was used to determine which tubes werew 
collected, but because of an overlap between peaks, an SDS-PAGE was also necessary. 
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Table 3.3 Gradient program used to elute the protein. Ti = time at the beginning of step,  
Tf =time at the end of step.  Salt buffer B contains 1 M NaCl.  

Ti [min] Tf [min] % salt buffer B 

0.0 5.0 0 

5.0 25.0 0-20 

25.0 25.1 20-100 

25.1 30.1 0 

30.1 40.1 0 

3.2.5  High performance liquid chromatography 

The protein product from the ion-exchange chromatography, NCS-1S178C, was concentrated by 
spinning it down with an Amicon Ultra-15 centrifugal filter (MWCO: 10 kDa). After 
centrifugation, DTT was added to the sample to a final concentration of 50 mM. Then the 
sample was loaded on Reversed-Phase High-Performance Liquid Chromatography (RP-
HPLC), Agilent 1260 Infinity II device, a C4 column with 200 Å pores, 5 μm bead size, and 
150 mm length. The mobile phase was a combination of 0.1% trifluoroacetic acid (TFA) in 
mQH2O and 0.08% TFA in acetonitrile (AcN). The method used for separation can be seen in 
table 3.2. Peaks were collected and those that were expected to contain NCS-1 were 
lyophilized. The method was usually carried out until ~55% of mobile phase B had been 
reached as nothing further eluted after that point. NCS-14/188C was purified directly by RP-
HPLC after HIC, using the same column and method application as NCS-1178C. 

Table 3.4 Method application for purifying NCS-1 with RP-HPLC. Mobile phase A contained 
0.1% TFA in H2O and mobile phase B contained 0.08% TFA in acetonitrile.  

Time [min] A [%] B [%] Flow [mL/min] 
0.00 95.0 5.0 1.00 
5.00 95.0 5.0 1.00 
15.00 50.0 50.0 1.00 
45.00 35.0 65.0 1.00 
50.00 0.0 100.0 1.00 

 

3.3 Labeling 
Labeling NCS-1 is a crucial step in the process of being able to detect conformational changes 
of the protein using a confocal single molecule spectroscopy. For this project, Cy3B and 
CF660R maleimide derivatives which react with the thiol group of cysteines, were used as 
labels. Cy3B is a red fluorophore, used as a donor in this case, that has maximum absorbance 
at 550 nm and maximum emission at 570 nm. CF660R on the other hand is a blue fluorophore 
used as an acceptor, that has maximum absorbance at 663 nm and maximum emission at 682. 
Cy3B extinction coefficient is 130,000 M-1cm-1 and 100,000 M-1cm-1 for CF660R. Cy3B 
emission spectra overlaps CF660R excitation spectra, which is crucial for FRET to happen.  
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3.3.1 Simultaneous labeling 

A simultaneous labeling approach was used to label the NSC-1178C, that is when both dyes are 
added simultaneously to the protein in an equimolar ratio of the protein, 1:1:1. Another ratio 
of Cy3B:CF660R:protein was also tested, i.e. 0.7:1:1. A 50 μg aliquot of CF660R dye was 
dissolved in 5 μL of DMSO and sonicated for 10 min. A 100 μg aliquot of Cy3B dye was 
dissolved in 10 μL of DMSO and sonicated for 10 min. Lyophilized protein was dissolved in a 
total of 150 µL of degassed labeling buffer at pH 7 (table 3.2) to obtain a protein concentration 
of 30-40 μM (10-200 μM recomended in protocol). The dyes were mixed together with the 
protein and kept overnight in a refrigerator. 

RP-HPLC was subsequently used to separate the labeled protein, from unlabeled and single 
labeled proteins. Absorbance at multiple wavelengths was monitored (220 nm, 280 nm, 559 
nm, and 663 nm). Fluorescence was excited at 663 nm and emission was monitored at 682 nm. 
Peaks were collected and those who were expected to contain NCS-1 were lyophilized. The 
lyophilized protein was dissolved with 30 μL of 20 mM Tris and a UV-Vis spectrum was 
measured with nanodrop. 

3.3.2 Semi-sequential labeling 

Lyophilized NCS-14/188C was redissolved in a total volume of 150 μL of degassed labeling 
buffer and the absorbance at 280 nm measured. The first dye, CF660R, was added to the 
solution at a 0.7:1 molar dye to protein ratio and incubated protected from light (covered with 
aluminum foil and put in a closed drawer) for 1.5 hour at room temperature. The second dye, 
Cy3B, was then added to the protein solution in twofold molar excess and incubated for 3.5 
hour at room temperature. DTT added to the final concentration of 10 mM to the reaction and 
the sample allowed to incubate for five more minutes. Next, the sample was flash-frozen in 
liquid nitrogen and stored at -80 °C until HPLC purification. The same HPLC purification 
application was used as before, labeled protein collected and lyophilized overnight. 
Lyophilized protein resuspended in 30 μL of 20 mM Tris (pH 7.2) and an UV-Vis spectrum 
measured with Nanodrop.  

 

 

To calculate how much dye is needed to label the protein, the protein absorbance is used to 
calculate concentration, using Beer’s law (eq. 1): 

	𝑐 =
𝐴
𝜀 ∗ 𝑙	

(1) 

 
where a is the absorption of the protein, c is the concentration, ε is the extinction coefficient 
(21430 M-1cm-1) and l is the length of the sample. Number of moles were then calculated by 
multiplying the concentration with the volume of the protein sample. 
 

				𝑛 = 𝑐 ∗ 𝑉	 (2) 

The mass of the dye is dependent on the molar ratio used. In the semi-sequential labeling 
method, the ratio is 0.7:2:1, the mass is then converted to volume.  
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				𝑚 = 𝑀67&&%8  ∗ 	 (𝑛:6;<= ∗ 0.767&&%8)	 (3) 

				𝑉 =
𝑚

10 𝜇𝑔/𝜇𝐿
	 (4) 

3.3.3 Correcting the protein concentration 

Since the dyes absorb light at 280 nm, a correction has to be made to be able to estimate the 
concentration of the protein itself. That can be done with equation 5 (Kim et al., 2008).  Where 
c is the corrected concentration, A280 is the absorption at 280 nm, Amax is the absorption 
maximum (663 nm for CF660R and 559 for Cy3B), CF is the correction factor for the dye, and 
ε is the extinction coefficiant for the protein. CFCF660R is 0.51 (Sigma-aldrich) and CFCy3B is 
0.08 (Cytiva). 

					𝑐 = 	
𝐴GH% − (𝐴JKL ∗ 𝐶𝐹)

𝜀
	 (5) 

Since there were two dyes needed to be corrected for, a modification of equation 5 was made 
and used (eq. 6).   

					𝑐 =
𝐴GH% − (𝐴JKL ∗ 𝐶𝐹)67&&%8 − (𝐴JKL ∗ 𝐶𝐹)6PQR

𝜀
	 (6) 

To estimate how succesful the labeling was, moles dye per mole protein was calculated with 
equation 7 where εU	is the extintion coefficient for the dye. εU	for CF660R is 100,000 M-1cm-1 
and for Cy3B is 130,000 M-1cm-1. 

			
𝐴JKL	𝑜𝑓	𝑙𝑎𝑏𝑒𝑙𝑒𝑑	𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝜀U ∗ 𝑐
	 (7) 

 

3.4 Single molecule FRET measurements 
A MicroTime 200 fluorescence microscope from Picoquant was used for all single-molecule 
experiments as well as SymPhoTime 64 software for data recording. Data analysis was 
performed through Fretica, a data analysis package running on Mathematica, developed by 
Daniel Nettels and Benjamin Schuler, University of Zurich.  

3.4.1 Microscope setup 

Microscope setup similar to the one used in these experiments can be seen in figure 3.2. As the 
figure demonstrates the sample is located at the top of the microscope objective. A laser beam 
illuminates the sample, exciting the fluorophores, and fluorescence photons are emitted. Those 
photons travel back the same path the laser beam came from and then enter through a pinhole, 
in this case100 μm. The pinhole separates photons emitted by the dyes and photons coming 
from background fluorescence. Next, they go through a polarizing beam splitter which 
separates photons according to their polarization. Fluorescence anisotropy can be estimated 
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with the polarization information. At last, the photons are separated according to their 
wavelength and detected by photodiodes combined with counting electronics.  

The low concentration and small confocal volume are the reason why single molecules can be 
detected. Experiments were performed at room temperature, between 21-23 °C and single 
molecules were always measured by placing the confocal volume 35 μm into the sample 
solution.   

 

Figure 3.2 Microscope setup for single molecule FRET spectroscopy. Photons emitted from 
the sample are split two times, according to their polarization and their wavelength, resulting 
in detection of photons in four detectors. Figure adapted from (Plitzko, Schuler and Selenko, 

2017).  

3.4.2 Sample preparation 

The sample solution was 40 μL and always contained 143 mM β-mercaptoethanol to prevent 
formation of disulfide bridges. Stock solutions of the labeled protein were made, so its 
concentration was 1 nM, diluted with 1x Tris buffer (20 mM Tris, 0.01% Tween-20, pH 7.2). 
The sample always contained 150 mM NaCl, and when applicable, 5 mM MgCl2, 5 mM CaCl2 
and 10 mM EGTA. All buffers and stocks were filtered with 0.2 μm syringe filters before use. 
Samples were injected into uncoated slides (manufacture: Ibidi). The slides were washed with 
mQH2O between runs.  

3.4.3 Burst identification and corrections 

Photons from the donor and the acceptor were counted as well as the time it takes photons to 
travel to the detector after an excitation pulse. A burst was identified with the ΔT method. This 
method distinguishes emitted photons, from the labeled molecule, from background photons. 
The interval was set to 0.1 ms, meaning that, every hundred microseconds the algorithm 
checked for photons. If the photon count was greater than 35 but fewer than 300, they were 
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grouped together and identified as a burst. Then the next hundred microseconds are looked at, 
and if the photon count is still greater than 35 then this is identified as the same burst as before. 
If not, this particular burst is over.  

3.4.4 PIE measurements 

Pulsed interleaved excitation (PIE) measurements take advantage of two alternating pulsed 
lasers to excite the molecules (Müller et al., 2005). This technique is used when the molecules 
are being detected that have more than one different fluorophore attached to it, and it allows us 
to test whether an active acceptor is on the molecules. Molecules with inactive acceptors, e.g. 
due to photobleaching, will generate a false transfer efficiency of 0. Two lasers emitted light 
at wavelengths of 520 nm and 640 nm alternately with a pulse rate of 40.0 MHz, and a power 
of approximately 100 μW and 50 μW, respectively. This allowed for the emissions from 
different fluorophores, the donor and the acceptor, to be separated after exciting each, and 
therefore we can choose to look at bursts from only molecules that have an active acceptor, and 
thus exclude the donor-only population that originates from molecules carrying an inactive 
acceptor. This is done by calculating a stoichiometry ratio. Molecules with an active donor and 
acceptor will have a stoichiometry ratio of 0.5. This way, if FRET was inefficient due to 
quenching of acceptor, those photons could be distinguished and excluded. The stoichiometry 
ratio was calculated (equation 8) and burst that were between >0.3 and <0.7 were chosen (see 
figure 4.12, section 4.3.2 for an example).   

				𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑦	𝑟𝑎𝑡𝑖𝑜 = 	 bccd	bce
bccd	bced	bee

	 (8)   

nDD in equation 8 is the number of photons emitted from the donor when the donor is excited, 
nDA is the number of photons emitted from the acceptor when the donor is excited and nAA is 
the number of photons emitted from the acceptor when the acceptor is excited (Schuler, 2013). 
Figure 3.3 shows an example for how the histograms look after choosing only bursts with 
stoichiometry ratio between >0.3 and <0.7. 

 

Figure 3.3 Histogram showing the effect of stoichiometry ratio correction. The light blue 
data represents the histogram before corrections and the dark blue after corrections. This is 
a good indication of how  dominating the donor-only peak is, as it is four times bigger than 

the actual FRET efficiency peak before corrections.   
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3.4.5 Fitting of transfer efficiency histograms 

The FRET efficiency can be calculated from each burst using equation 9 (Schuler, 2013). nA 
in equation 9 is the number of photons emitted by the acceptor in each burst, nD is the number 
of photons emitted by the donor in each burst and γ is a correction factor which corrects for 
different quantum yields between the dyes and errors in the detectors. Errors arise because the 
detectors have different collection efficiency, acceptor photons can be detected in the donor 
channels and donor photons can be detected in acceptor channels. 

		𝐸 = be
be	d	gbc

	 (9)  

The amounts of bursts were then plotted over the FRET efficiency, fitted with a Gaussian 
distribution (with appropriate constraints), resulting in a histogram containing peaks with mean 
transfer efficiency.  

3.4.6 Calculation of distances from FRET 

The mean transfer efficiency can then be calculated into a distance with equation 10 (Schuler, 
2013) where E is the FRET efficiency, R0 is the Förster radius and r is the distance between 
two fluorophores. 

			𝐸 = 	
𝑅%&

𝑅%& +	𝑟&
	 (10) 

The Förster radius is the distance when the energy transfer between the fluorophores is 50% 
and can be estimated with equation 11 (Schuler, 2013). κ2 is an orientation factor, estimated to 
be equal to 2/3 if the fluorescent dye is rotating freely, which is common for fluorophores in 
disordered regions. To see if the fluorophores are rotating freely the anisotropy is estimated 
from the polarization of the photons. Φ is the donors fluorescence quantum yield, n is the 
refractive index, and J stands for the overlap between the emission spectrum of the donor and 
the excitation spectrum of the acceptor.  

			𝑅%& = 	
9000 ln(10) 𝜅G𝛷m𝐽

128𝜋p𝑛q𝑁s
	 (11) 

Since NCS-1 has an intrinsically disordered region, it cannot be assumed that the mean transfer 
efficiency is coming from a fixed distance between the dyes, because of faster chain dynamics. 
Therefore, the distance is estimated as an average of the fluctuating distances between the dyes. 
The mean transfer efficiency is then given by equation 12 (Soranno et al., 2012) where a is the 
shortest possible distance between the dyes and lc is contour length of the protein segments 
between the dyes. 

	𝐸 = t 𝐸(𝑟)𝑃(𝑟)𝑑𝑟
vw

K
(12) 

E(r) is efficiency distribution and P(r) is normalized Gaussian distribution for IDPs and they 
are explained with equations 13 and 14 (Soranno et al., 2012), respectively. 
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𝐸(𝑟) = 	x1 + y
𝑟
𝑅%
z
&
{
<=

	 (13) 

	𝑃(𝑟) =
4𝜋𝑟G

(23𝜋〈𝑟
G〉)

Q
G
	𝑒y<

Q~�
G〈~�〉z	 (14) 

The average inter-dye distance, 〈𝑟G〉=/G, can be calculated by solving equation 12 with equation 
13 and 14. The uncertainty of the FRET efficiency is estimated to be < ±0.05 (Hellenkamp et 
al., 2018).  
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4 Results 

4.1 NCS-1 purification 
It has previously been shown that the variants used in this project have similar stability and 
calcium binding properties compared to the wild type, using NMR spectroscopy (Heidarsson 
et al., 2013) and (Heidarsson, unpublished data).  

4.1.1 Expression, cell lysis and protamine sulfate precipitation 

From a 950 mL cell culture, 3.2 g of cell pellet containing the 4/188C mutant was harvested 
and resuspended in a dissolving buffer. A 3.2 g of cell pellet containing the 178C mutant, 
expressed and harvested by Einar Halldórsson (Halldórsson, 2020) was also resuspended in a 
dissolving buffer. Resuspended cell pellets were lysed as described in section 3.2.1. The 
absorbance of the lysates at 280 nm were measured (table 4.1) and SDS-PAGE was used to 
verify the overexpression of the NCS-1 mutants (figure 4.1)  
 
Table 4.1  Protein concentration in the lysates of the corresponding NCS-1 mutants. The 
concentration is estimated to be 1 mg/mL when A280 = 1. 

Mutant Cell pellet (g) mg/mL 
178C 3.2 18.7  
4/188C 3.2 13.5 
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Figure 4.1 Results of SDS-PAGE after protamine sulfate precipitation. Left:4/188C. Right: 
178C. BioRad PageRuler prestained was used for size reference in lane 1. The band below 
25 kDa in lane 2 is estimated to be NCS-1, the broad band on the left figure below NCS-1 is 

lysozyme which was not used on the right. 

4.1.2  Hydrophobic interaction chromatography  

The special property of NCS-1 being hydrophobic when bound to calcium ions was used for 
the first step of purification. When the protein is bound to calcium the hydrophobic binding 
site of the protein binds to a phenyl-Sepharose column. To elute the protein, the column was 
washed with a buffer containing 2 mM EGTA, equimolar to the calcium added before the 
protein was loaded. EGTA binds calcium with very high affinity, depriving it from NCS-1. 
When NCS-1 is no longer bound to calcium ions the hydrophobic binding site is no longer 
exposed to the surface of the protein, causing it to elute from the column. Figure 4.2 shows a 
representative chromatogram from a HIC of the 178C mutant (4/188C mutant, figure A.2, 
appendix A). The second peak, at approximately 100-120 min, represents the protein that was 
eluted of the column with the addition of EGTA.  
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Figure 4.2 Chromatogram from HIC of the 178C mutant. Red line: Conductivity measured in 
mS per cm. Blue line: The absorbance at 280 nm. The first peak contains lysate proteins that 
did not bind to the column. The second peak is the protein that eluted when buffer B (table 
3.2), containing EGTA, was added to the column at min 75. The third peak is additional 

proteins contaminants that eluted when the column was washed with water, and the fourth 
peak eluted when the column was rinsed with 

20 % ethanol. 
  
To verify that the second peak contained NCS-1, a sample was subjected to SDS-PAGE. As 
figure 4.3 shows, NCS-1 was present in the second and third peaks (proteins eluted with EGTA 
and water, respectively). It is also clear that the protein is fairly pure after this one purification 
step (SDS-PAGE after HC for NCS-14/188C, figure A.3 appendix A). The tubes containing NCS-
1 were pooled together and their absorbance at 280 nm measured with Nanodrop (table 4.2). 
 
Table 4.2 Amount of protein collected after hydrophobic interaction chromatography. 
Mutant Volume [mL] Concentration [mg/mL] Mass [mg]  
178C 65 1.42 92.4 
4/188C 62 0.68 42.4 

 

NCS-1 
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Figure 4.3 Results from electrophoresis of NCS-1178C samples after HIC. In lane 2, a broad 

band can be detected below 25 kDa which is estimated to be NCS-1. Lane 1: PageRuler 
prestained ladder. Lane 2: Peak 1 from figure 4.2. Lane 3: Peak 2 from figure 4.2. Lane 4: 

peak 3 from figure 4.2. Lane 5: peak 4 from figure 4.2.  

4.1.3  Ion-exchange chromatography  

The NCS-1178C mutant was further purified with an ion exchange column, more specifically 
an anion exchange column, where negatively charged proteins bind the positively charged 
column. A salt gradient was used to desorb the protein from the column. The salt interacts 
with the ionic bonds that bind the protein to the column. The first peak, at approximately 60-
70 min, represents the protein that was eluted from the column with the addition of salt 
gradient (table 3.3). The second peak represents contaminants that eluted when the salt 
gradient was increased to 100%. As figure 4.4 shows, the gradient of the salt should have 
been kept a little bit longer in order to obtain a more defined peak. 
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Figure 4.4 Ion exchange chromatography of the NCS-1178C mutant. Red line: Conductivity 

measured in mS per cm. Blue line: The absorbance at 280 nm. The conductivity increases in 
proportion to the increased concentration of salt buffer B, containing 1 M NaCl. The first 

peak started to come of when the salt buffer was at 16% and the second peak eluted when the 
salt gradient had finished, and salt buffer B (1 M NaCl) was at 100%. The gradient program 
only went up to 20% salt buffer. The thin peak at the end came when the column was washed 

with 20% ethanol and is likely due to air. 
 

4.1.4  Reversed-Phase High performance liquid chromatography 

Initially the product from the ion exchange chromatography (NCS-1178C) was concentrated and 
buffer exchanged to labeling buffer, and then labeled directly. This approach was time 
consuming and the labeling was very inefficient. Therefore, I decided to further purify the 
protein on a RP-HPLC (Reversed-Phase High performance liquid chromatography), C4 column 
before labeling, which has proven very effective to obtain it in a reduced and lyophilized state 
(Zosel et. al., 2020). The NCS-14/188C mutant was therefore applied directly to the C4 HPLC 
column after the HIC, circumventing the ion exchange purification step. Figure 4.5 shows 
representative chromatogram from a HPLC of both mutants. The upper figure shows that the 
NCS-14/188C mutant is well separated from its impurities, despite having fewer chromatography 
steps. 
 

NCS-1 
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Figure 4.5 HPLC chromatogram. C4 column was used and the gradient can be seen in table 
3.4. Relative response of absorbance over retention time in minutes. Upper: 4/188C mutant. 
Blue line: absorbance at 280 nm. Green line: fluorescence detection after excitation at 280 

nm and emission at 350 nm. The first thing to elute from the column is estimated to be DTT at 
RT=5 min and RT=7min. First reduced and then oxidized, because DTT absorbs at 220 nm 
and oxidized DTT exhibits a strong absorbance peak at 280 nm. At RT=15 min impurities 
start to elute and then at RT=20 min NCS-1 elutes in a fairly symmetric peak, which may 

indicate a high level of purity. Lower: 178C mutant. Blue line: absorbance at 220 nm. Green 
line: absorbance at 260 nm. Purple line: absorbance at 280 nm. Orange line: fluorescence 

detection after excitation at 280 nm and emission at 350 nm. The first thing to elute from the 
column is DTT, first reduced and then oxidized. At RT=28 min NCS-1 elutes. The fluorescent 

peak is flat at the top for both mutants, indicating that the sample is too concentrated. 
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4.2 Labeling 
The NCS-1 mutants were labeled with the dye pair Cy3B and CF660R and two different 
labeling strategies were attempted.  

4.2.1 Simultaneous labeling 

Simultaneous labeling is when both dyes are added to the protein at the same time at equimolar 
concentrations. At first both dyes were added to the lyophilized NCS-1178C, resuspended in 
labeling buffer, in a ratio of 1:1:1. This method was also attempted with the donor at 
substoichiometric ratio due to a large donor-only signal in smFRET measurements (see 
Appendix B). In this case, the ratio was 1:1:0.7. The reaction was incubated and then the labeled 
protein was purified with RP-HPLC, using the same method as in a previous purification step 
(see section 3.2.5). Figure 4.6 shows representative chromatogram of the equimolar labeling. 
According to UV-Vis measurements, when the substoichiometric ratio was tried (figure 4.7) 
only one sample collected from the HPLC contains CF660R. It has a very low absorbance at 
559 nm, so it probably does not contain Cy3B. That peak eluted at min 11, so this is most likely 
single labeled protein with CF660R, resulting in no double labeled protein from 
substoichiometric ratio simultaneous labeling. 

 
Figure 4.6 Chromatogram from the purification of labeled NCS-1178C. Relative response over 

retention time in minutes. Blue line: absorbance at 280 nm. Green line: absorbance at 559 
nm (Cy3B). Purple line: absorbance at 663 nm (CF660). Orange line: fluorescence detection 

for excitation at 663 nm and emission at 682 nm. 
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Figure 4.7 A UV-Vis measurement of the peaks that eluted from the HPLC when the modified 
simultaneous labeling was attempted. The red line represents a peak that eluted from the C4 

column at min 11. It has a relatively high absorbance at 663 nm, meaning that it has CF660R 
labeled to it. But it also has a very low absorbance at 559 nm, so it probably does not contain 
Cy3B. That peak eluted at min 11, so this is most likely single labeled protein resulting in no 

double labeled protein from substoichiometric ratio simultaneous labeling. 

4.2.2  Semi-sequential labeling 

Semi-sequential labeling is when the dyes are added to the protein in two steps. The first dye 
is added at a substoichiometric ratio and incubated to completion, then the second dye is added 
to the same reaction in an excess. First the acceptor, CF660R, was added to the lyophilized 
NCS-14/188C in a 0.7:1 ratio dye to protein. Afterwards the donor, Cy3B, was added to the 
reaction in a 2:1 ratio dye to protein. The labeled protein was purified with RP-HPLC, using 
the same method as before (see section 3.2.5). Figure 4.8 shows representative chromatogram 
from a HPLC of the labeled 4/188C mutant. The big purple peak most likely represents single 
labeled NCS-1 with Cy3B, and the little peaks around the big one are unreacted Cy3B dye.  
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Figure 4.8 Chromatogram from purification of labeled NCS-14/188C. Response in mAU over 

retention time in minutes. Dark blue line: Absorbance at 220 nm. Green-blue line: 
Absorbance at 280 nm. Purple line: Absorbance at 559 nm. Orange line: Absorbance at 663 
nm. RT=13.5 min is probably single labeled protein with Cy3B (hence twofold molar excess 

of Cy3B), and the peaks around it could then be unreacted Cy3B. RT=18.5 is a double 
labeled protein.  

 

4.3 Single molecule FRET measurements 
smFRET measurements were done on the NCS-1178C mutant. Due to dominating donor-only 
peak and small amount of bursts, those measurements were not continued (see Appendix B) 
and the focus put on the NCS-14/188C mutant.  

4.3.1  Optimization  

The first step of the smFRET measurements was to optimize the environmental conditions in 
which the measurements of the double labeled protein would take place in. Optimization 
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involved attempts to increase the net count of bursts obtained from each measurement in 
addition to having as little background noise as possible. In order to do so, it is very important 
to have the appropriate concentration of the protein that is to be sampled.  
 
The first test runs showed some instability of the sample after the measurement had started. 
Figure 4.9g is an example of how this instability is represented. The photon count decreased a 
bit at the beginning of every run. As a result, a five minutes waiting period was necessary after 
injecting the sample into the plastic well, to let it reach equilibrium. Another reason for the 
decreased photon count could be if the proteins were interacting with the walls of the well. As 
a result, a different concentration of the detergent Tween 20 was tested. Figure 4.9 a-e shows 
histograms with the amounts of bursts collected, plotted over the FRET efficiency. It is then 
fitted with a Gaussian distribution, resulting in a histogram containing peaks with mean transfer 
efficiency. The mean transfer efficiency is an indication of what is happening with the protein; 
if it changes, the structure of the protein is changing. Figure 4.9 f-g shows photon count over 
time. If the signal changes over time, it is an indication of instability or slow dynamic as the 
FRET value is changing during the experiment.  

Figure 4.9 shows that there is little difference between 0.01% Tween and 0% Tween, they have 
the least amount of background noise and donor-only signal. But if the photon count over time 
is used for reference, the stability of the sample is better when Tween is not added (figure 4.9f 
and g). Therefore, it was decided to omit Tween from the samples for future experiments. (no 
additional Tween was added to the sample solution, but the buffer used to dilute NCS-1 
contained Tween (see section 3.4.2 sample preparation). All donor-only peaks that remain 
present in following figures are due to inefficient removal using PIE, because its size is 
consistent with increased concentration of GdmCl.  
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Figure 4.9 Tween optimization. a-e represent number of bursts over FRET efficiency, where 
total number of bursts is also showed in brackets. f-g represent photon count over time in s. 

(a) 0% Tween. (b) 0.001% Tween. (c) 0.01% Tween. (d) 0.1% Tween. (e) 1% Tween. (f) 
Photon count over time when there is 0% Tween in sample. (g) Photon count over time when 
there is 0.01% Tween in the sample. (a) and (c) show the least background noise in addition 

to having the least amount of donor-only signal.  

a

b

c

d

e

f

g
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Adding salt to the sample solution significantly increased the count of bursts (figure 4.10) but 
adding salt to a protein sample can stabilize the protein.  

 
Figure 4.10 Adding NaCl increases the number of bursts obtained from each measurement. 
(a) 0% Tween and no NaCl. (b) 0% Tween and 150 mM NaCl. Both measurements were 10 

minutes and figure b has substantially more total counts.  

4.3.2  Equilibrium unfolding of calcium-bound NCS-1 

A titration was performed with GdmCl when NCS-14/188C was in different conformational 
states; calcium bound, magnesium bound and bound to no ions, or apo state. The purpose of 
these titrations was to see if different intermediate states of the protein could be identified using 
smFRET measurements. NCS-1 is most stable when bound to calcium (Ames et al., 2000). The 
titration showed that NCS-14/188C traverses through four FRET efficiency peaks during its 
unfolding. If the donor-only peak is not considered, these results are consistent with having 
three different conformational structures when it is denaturing; a native structure, an unfolded 
structure and an intermediate structure. In the following figures the donor-only peak is 
represented with a dark blue color, the unfolded peak with light blue color, the intermediate 
peak with pink color and the folded peak with purple color.  

a

b
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Figure 4.11 The effect of denaturation when NCS-14/188C is bound to calcium ions. The 

sample contained 0% Tween, 150 mM NaCl and 5 mM CaCl2, and each measurement was 15 
minutes long. Each image represents different concentrations of GdmCl. The donor-only 
peak is represented with a dark blue color, the unfolded peak with light blue color, the 

intermediate peak with pink color and the folded peak with purple color. 
 
GdmCl increases background noise as figure 4.12 shows. This means that that the donor only 
peak gets larger and more bursts get deleted from the graph when correcting for the 
background. That is why the histograms in figure 4.11 show decreased burst count as the 
concentration of GdmCl increases.  
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Figure 4.12 Stoichiometry ratio over FRET efficiency. (a) Stoichiometry ratio of histogram 

0.2 M GdmCl in figure 4.11, 0.2 M GdmCl. (b) Corrected stoichiometry ratio of 
stoichiometry ratio a, bursts selected between >0.3 and <0.7. (c) Stoichiometry ratio of 

histogram 1.4 GdmCl in figure 4.11. (d) Corrected stoichiometry ratio of stoichiometry ratio 
c, bursts selected between >0.3 and <0.7. The donor only peak gets larger and “leaks” more 

with increased concentration of GdmCl, resulting in fewer bursts count.  
 
To see how the structure of the protein is changing when bound to calcium, the proportion to 
the area of the peaks were plotted over GdmCl concentration (figure 4.13). Thus, the area of a 
certain peak was divided by the total area of all the peaks. That way, a better oversight of the 
protein state at each given moment during the denaturation, can be established. To see if the 
peaks were shifting as a function of GdmCl, their FRET efficiency was also plotted over 
GdmCl concentration (figure 4.14). The FRET efficiency was consistent, except when the 
concentration of the denaturant got really high. Then the efficiency shifts downwards, that is 
the efficiency of the unfolded peak changes towards lower efficiency.  
 

 
Figure 4.13 Relative proportions of protein specie during calcium-bound unfolding. 

Proportional area of the peaks in figure 4.11 over denaturant concentration. Green line: 
Unfolded area fraction. Pink line: Intermediate area fraction. Purple line: Native area 

fraction. Donor-only proportion is not shown in the figure, but is used in calculations, thus 
the total is not equivalent to one.  
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Figure 4.14 The effect of GdmCl on the efficiency, when bound to calcium. Efficiency of the 

peaks from figure 4.11 over denaturant concentration. Dark blue line: Donor-only peak. 
Green line: Unfolded peak. Pink line: Intermediate peak. Purple line: Native peak.  

4.3.3 Equilibrium unfolding of magnesium-bound NCS-1  

The structure of the magnesium bound protein has been proposed to be a molten-globule-like 
state. Little is known about its characteristics because of the difficulties that come with 
measuring structures that are not well defined. The titration showed that NCS-14/188C has four 
FRET efficiency peaks, like when it is bound to calcium, but this time the intermediate peak 
has lower FRET efficiency peak. When bound to magnesium the intermediate peak has the 
FRET efficiency of 0.43 but when calcium bound it was 0.75. If the donor-only peak is not 
considered, the protein has three different conformational structures when it is denaturing, 
native structure, unfolded structure and one intermediate structure (figure 4.15). 
 



 36 

 
Figure 4.15 The effect of denaturation when NCS-14/188C is bound to magnesium ions. The 

samples contained 0% Tween, 150 mM NaCl and 5 mM MgCl2, and each measurement was 
10 minutes long. Each image represents different concentrations of GdmCl. The donor-only 

peak is represented with a dark blue color, the unfolded peak with light blue color, the 
intermediate peak with pink color and the folded peak with purple color. 
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To see how the structure of the protein is changing when bound to magnesium, the proportion 
to the area of the peaks was plotted over GdmCl concentration (figure 4.16). Thus, the area of 
a certain peak was divided by the total area of all the peaks. To see if the peaks were shifting 
as a function of GdmCl, their FRET efficiency was also plotted over GdmCl concentration 
(figure 4.17). The FRET efficiency is quite consistent, the points in figure 4.17 form a fairly 
straight line.  

 
Figure 4.16 Relative proportions of protein specie during magnesium-bound unfolding. 

Proportional area of the peaks in figure 4.15 over denaturant concentration. Green line: 
Unfolded area fraction. Pink line: Intermediate area fraction. Purple line: Native area 

fraction. Donor-only proportion is not shown in the figure, but is used in calculations, thus 
the total in the figure is not equivalent to one. 

 
Figure 4.17 The effect of GdmCl on the efficiency, when bound to magnesium. Efficiency of 
the peaks from figure 4.15 over denaturant concentration. Dark blue line: Donor-only peak. 

Green line: Unfolded peak. Pink line: Intermediate peak. Purple line: Native peak. 

4.3.4  Equilibrium unfolding of apo NCS-1 

The apo state, the state of the protein where it is not bound to any ions, lacks a stably folded 
core, and hence less denaturant is needed to denature the protein. The titration showed that 
NCS-14/188C has five FRET efficiency peaks, unlike when it is bound to calcium and magnesium 
which had four. If the donor-only peak is not considered, the protein has four different 
conformational structures when it is denaturing, native structure, unfolded structure and two 
intermediate structures.  
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Figure 4.18 The effect of denaturation when NCS-14/188C is in an apo state. The sample 
always contained 0% Tween,150 mM NaCl and 10 mM EGTA. Each measurement was 15 

minutes long and Each image represents different concentrations of GdmCl. The donor-only 
peak is represented with a dark blue color, the unfolded peak with blue color, the 

intermediate peaks with light blue and pink color and the folded peak with purple color. 
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To see how the structure of the protein is changing when bound to no ions, the proportion to 
the area of the peaks was plotted over GdmCl concentration (figure 4.19). Likewise, the FRET 
efficiency of the peaks was also plotted over GdmCl concentration (figure 4.20) to see if the 
peaks were shifting a lot. The FRET efficiency was quite unstable. This is probably due to the 
difficulty of fitting the peaks, the software had a real trouble recognizing what was a peak.   

 
Figure 4.19 Relative proportions of protein specie during apo unfolding. Proportional area 
of the peaks in figure 4.18 over denaturant concentration. Blue line: Unfolded area fraction. 
Green line: Intermediate area fraction 2. Pink line: Intermediate area fraction 1. Purple line: 

Native area fraction. Donor-only proportion is not shown in the figure, but is used in 
calculations, thus the total in the figure is not equivalent to one. 

 
Figure 4.20 The effect of GdmCl on the efficiency, when bound to no ions. Efficiency of the 

peaks from figure 4.18 over denaturant concentration. Dark blue line: Donor-only peak. Blue 
line: Unfolded peak. Green line: Intermediate peak 2. Pink line: Intermediate peak 1. Purple 

line: Native peak 
 

Table 4.3 compares every stage of the protein in different states. The FRET efficiency where 
each stage has the highest proportional area is converted into distances. So, the FRET 
efficiency of each stage is taken when the stage is most dominant. For example, if the green 
line in figure 4.19 is viewed, it is most dominant when the GdmCl concentration is 2.5, and 
then the efficiency of this stage is considered to be 0.49. The converted distances are the 
distances between the labels and are calculated using equations 12, 13 and 14 (see section 
3.4.6).  
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Table 4.3 shows that all native stages exhibit similar distances between the fluorophores. All 
states have intermediates during denaturation, when NCS-1 is bound to magnesium and 
calcium it has one intermediate stage and the apo form has two. 
 
 
 
Table 4.3 FRET efficiency of each stage of the protein in different states calculated into 
distances.  

 Native Intermediate 1 Intermediate 2 Unfolded 
Ca2+ E r [nm] E r [nm] E r [nm] E r [nm] 

0.88 ±0.05 3.47 ± 0.41 0.75 ±0.05 4.39 ±0.34 N/A N/A 0.22±0.05 9.66 ±1.05 
Mg2+ E r [nm] E r E r [nm] E r 

0.85 ±0.05 3.70 ±0.38 0.43 ±0.05 6.80 ±0.48 N/A N/A 0.20 ±0.05 10.1 ±1.18 
Apo E r [nm] E r [nm] E r [nm] E r [nm] 

0.87 ±0.05 3.55 ± 0.40 0.71 ±0.05 4.66 ±0.34 0.49 
±0.05 

6.26 
±0.42 

0.24 ±0.05 9.27 ±0.94 
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5 Discussions 

5.1 Optimization of the measurements  
In this project we observed the denaturation of NCS-1 in different metal bound states using 
single molecule spectroscopy. We saw that the states have different unfolding pathways and 
the calcium bound form is the most stable.   

The smFRET measurements displayed a large donor-only signal. This is worrying since this 
can confuse the results in a way that sometimes it can be hard to distinguish between what is a 
donor-only signal and what is a signal coming from an unfolded protein. This raises the 
question of whether the downward efficiency shifts, like in figure 4.14 are due to increased 
background, human error in fitting the peaks or if it is really what is happening. If this 
efficiency shifts are real this could mean that the unfolded state of the protein is not just 
unfolded, rather that it has it some intermediate stages within the unfolded stage.  

There can be several reasons for this dominating donor-only peak: 1) There could be something 
wrong with the way the measurements were performed. This is a new instrument, that still has 
to be optimized to our system; 2) It could be linked to the setup of the microscope e.g. the laser 
power could be too strong, resulting in bleaching of the acceptor. 3) We would have liked to 
try to use glass slides instead of plastic, to see if that had any impact on the stability of the 
protein; 4) We could have a double labeled protein but inactive FRET due to an inconvenient 
position of the acceptor. If not positioned correctly, the acceptor could be more prone to 
bleaching, or the inter-dye distance could be too great. The aim of the project was to study the 
protein’s dynamics. Perhaps, if the dynamics of the C-terminal tail are so extreme that it is 
fluctuating too far away from the donor dye, only a donor only signal would be observed. The 
acceptors’ positioning could be the reason for the overwhelming donor-only peak in the 
measurements done on the 178C mutant (appendix B), since another measurement on the 
mutants was tried after the optimization of the samples but still showed a dominant donor-only 
peak.  

5) The labeling method could also be at fault here e.g. if not all the protein molecules are double 
labeled. Although HPLC purification showed only one symmetrical peak, suggesting the 
sample had only one protein population, the moles dye per mole protein ratio, calculated from 
dye and protein concentrations (eq 7), suggest that both dyes are present at equal concentration, 
approx. 0.5 mol dye per 1 mol protein. If the protein was properly double labeled, 1 mol of dye 
per 1 mol protein would be expected for both dyes. Because of this, the protein sample probably 
has more than one species of labeled protein. Improperly labeled proteins do increase 
background noise in smFRET measurement. Hence, a different HPLC column might be 
practical to try.    
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5.2 Denaturation of NCS-1 in the presence of 
different ions 

The titration with GdmCl when NCS-1 is bound to calcium shows a denaturation process 
(figure 4.13) comparable to one previously established (Heidarsson et al., 2014). It exhibits a 
3-state unfolding reaction (green line, figure 4.13), the same one as figure 1.4 exhibits, where 
the N-domain unfolds first at 2.5 M GdmCl, followed by the C-domain at 4.5 M. This indicates 
that the fluorescent groups that are attached to the protein do not have destabilizing effects on 
the protein (the unfolding does not happen at the exact same concentration of GdmCl due to 
addition of NaCl in sample solutions during smFRET measurements). What is also interesting 
regarding this titration is that the denaturation resembles a cooperative decrease of FRET 
efficiency at increasing amount of denaturant, from intermediate to unfolded structure, because 
the unfolded peak increase rapidly in amplitude in a narrow range of denaturant (light blue 
peak, figure 4.11) before the intermediate peak (light pink, figure 4.11) starts decreasing. This 
is also comparable with previous studies reporting that during folding of the protein, it goes 
through two intermediate states that can lead into misfolded states (Heidarsson et al., 2014). 

The magnesium bound NCS-1 denaturation also shows resemblance with previously reported 
data, in that it has three states during unfolding, native, intermediate and unfolded (Naqvi et 
al., 2015), where the intermediate state is a folded C domain. The apo state on the other hand 
does not show the same resemblance to previously reported results. A paper from 2015 (Naqvi 
et al., 2015) suggests that in the absence of divalent ions, NCS-1 unfolds and refolds in a two-
state manner. Our data suggest that this happens in a four-state reaction, so the protein goes 
through two intermediate stages before unfolding (figure 4.18). This result has to be tested 
more thoroughly before any assumptions can be made. Nonetheless, it is an intriguing 
possibility that the previously assumed to be molten-globule apo state, has distinct and 
thermodynamically stable unfolding intermediates.  

It is also interesting that the intermediate states of the apo protein seem to exhibit a combination 
of the intermediate states that the magnesium and calcium bound proteins have. That is, the 
calcium-bound protein has an intermediate where the distances between the dyes is 4.39 nm 
and when magnesium-bound it is 6.80 nm. The apo state has two intermediates with 
corresponding distances of 4.66 nm and 6.26 nm (table 4.3). No assumptions can be made on 
whether this is a mere coincidence or not, and further experiments are needed before any 
conclusions can be drawn. This could be further investigated by using surface-immobilized 
molecules where ions would be added to the apo state and the conformational events monitored 
in real-time. We might also construct a mutant which disables the binding of calcium in EF4 
and test whether an intermediate state similar to the magnesium-bound intermediate would 
occur. 

When the distances between dyes are compared when the protein is in its native state under 
different conditions (table 4.3), the results show that there is no significant difference in 
distances between the C-terminal tail and the N-terminus. In other words, the native state 
dimensions do not depend on divalent ions. Previous data have shown that the tail binds to the 
crevice in the absence of binding partners when the protein is bound to calcium (Staby et al., 
2020). With that in mind, the results from our experiment indicate that the tail may be in a 
similar conformation in the magnesium-bound state and the apo state. If this is not the case, 
and the tail is more flexible in the absence of calcium, we might expect a larger distance 
between the dyes. Although unlikely, we cannot exclude that the EGTA is not binding to 
residual calcium ions with enough affinity to keep NCS-1 calcium-free, so the indifferences 
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are due to calcium being still bound to the protein. This is unlikely since denaturation of the 
metal bound states happen at different concentrations of GdmCl. More experiments are needed 
to pinpoint the physical basis of these effects.  
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Conclusions  
The aim of this bachelor project was to look into the conformational dynamics of NCS-1 and 
the C-terminal tail in NCS-1 by using single molecule spectroscopy. We wanted to see if the 
distance and the dynamics of the tail was different in various conditions, such as in the apo 
state or in the presence of magnesium and calcium. Different characteristics of NCS-1 were 
detected in equilibrium unfolding experiments, possibly shedding a light on new information 
about the behavior of the protein. The native conformation of the apo-state, Mg2+-bound state, 
and Ca2+-bound state all had essentially identical end-to-end distances between the 
fluorophores whereas the stability of these states was drastically different. The results also 
indicate that the apo state has thermodynamically stable states, which is not consistent with a 
molten-globule structure. Further experiments are needed, and the next steps would be to try 
surface immobilized experiments as well as look at the interaction of the protein with binding 
partners, such as the dopamine 2 receptor, using smFRET.  This is a promising starting point, 
but we are still far away from understanding the characteristic aspects of NCS-1fully.   

  



 46 

 



 47 

References  
 
Ames, J. B. et al. (2000) ‘Structure and calcium-binding properties of Frq1, a novel calcium 
sensor in the yeast Saccharomyces cerevisiae’, Biochemistry.  American Chemical Society , 
39(40), pp. 12149–12161. doi: 10.1021/bi0012890. 
 
Apasu, J. E. et al. (2019) ‘Neuronal calcium sensor 1 (NCS1) promotes motility and metastatic 
spread of breast cancer cells in vitro and in vivo’, The FASEB Journal. FASEB, 33(4), pp. 
4802–4813. doi: 10.1096/fj.201802004R. 
 
Aravind, P. et al. (2008) ‘Regulatory and Structural EF-Hand Motifs of Neuronal Calcium 
Sensor-1: Mg2+ Modulates Ca2+ Binding, Ca2+-Induced Conformational Changes, and 
Equilibrium Unfolding Transitions’, Journal of Molecular Biology. Academic Press, 376(4), 
pp. 1100–1115. doi: 10.1016/j.jmb.2007.12.033. 
 
Boeckel, G. R. and Ehrlich, B. E. (2018) ‘NCS-1 is a regulator of calcium signaling in health 
and disease’, Biochimica et Biophysica Acta - Molecular Cell Research. Elsevier B.V., pp. 
1660–1667. doi: 10.1016/j.bbamcr.2018.05.005. 
 
Bourne, Y. et al. (2001) ‘Immunocytochemical Localization and Crystal Structure of Human 
Frequenin (Neuronal Calcium Sensor 1)’, Journal of Biological Chemistry. Elsevier, 276(15), 
pp. 11949–11955. doi: 10.1074/jbc.M009373200. 
 
Braunewell, K. H. and Gundelfinger, E. D. (1999) ‘Intracellular neuronal calcium sensor 
proteins: A family of EF-hand calcium-binding proteins in search of a function’, Cell and 
Tissue Research. Springer, pp. 1–12. doi: 10.1007/s004410051207. 
 
Burgoyne, R. D. and Haynes, L. P. (2015) ‘Sense and specificity in neuronal calcium 
signalling’, Biochimica et Biophysica Acta - Molecular Cell Research, 1853(9), pp. 1921–
1932. doi: 10.1016/j.bbamcr.2014.10.029. 
 
Ferreon, A. C. M. et al. (2010) ‘Single-Molecule Fluorescence Studies of Intrinsically 
Disordered Proteins’, in Methods in Enzymology. Academic Press Inc., pp. 179–204. doi: 
10.1016/S0076-6879(10)72010-3. 
 
van Geest, M. and Lolkema, J. S. (2000) ‘Membrane Topology and Insertion of Membrane 
Proteins: Search for Topogenic Signals’, Microbiology and Molecular Biology Reviews, 64(1), 
pp. 13–33. doi: 10.1128/mmbr.64.1.13-33.2000. 
 
Gierke, P. et al. (2004) ‘Expression analysis of members of the neuronal calcium sensor protein 
family: Combining bioinformatics and Western blot analysis’, Biochemical and Biophysical 
Research Communications. Academic Press, 323(1), pp. 38–43. doi: 
10.1016/j.bbrc.2004.08.055. 
 
 



 48 

Halldórsson, E. (2020) Hlutverk innansameinda-óreiðu í Neuronal Calcium Sensor-1. Háskóli 
Íslands. 
 
Heidarsson, P. O. et al. (2012) ‘The C-terminal tail of human neuronal calcium sensor 1 
regulates the conformational stability of the Ca2+-activated state’, Journal of Molecular 
Biology. Elsevier Ltd, 417(1–2), pp. 51–64. doi: 10.1016/j.jmb.2011.12.049. 
 
Heidarsson, P. O. et al. (2013) ‘Single-molecule folding mechanism of an EF-hand neuronal 
calcium sensor’, Structure. Cell Press, 21(10), pp. 1812–1821. doi: 10.1016/j.str.2013.07.022. 
 
Heidarsson, P. O. et al. (2014) ‘Direct single-molecule observation of calcium-dependent 
misfolding in human neuronal calcium sensor-1’, Proceedings of the National Academy of 
Sciences of the United States of America, 111(36), pp. 13069–13074. doi: 
10.1073/pnas.1401065111. 
 
Hellenkamp, B. et al. (2018) ‘Precision and accuracy of single-molecule FRET 
measurements—a multi-laboratory benchmark study’, Nature Methods. Nature Publishing 
Group, 15(9), pp. 669–676. doi: 10.1038/s41592-018-0085-0. 
 
Kim, Y. et al. (2008) ‘Efficient site-specific labeling of proteins via cysteines’, Bioconjugate 
Chemistry. NIH Public Access, 19(3), pp. 786–791. doi: 10.1021/bc7002499. 
 
Müller, B. K. et al. (2005) ‘Pulsed interleaved excitation’, Biophysical Journal. Biophysical 
Society, 89(5), pp. 3508–3522. doi: 10.1529/biophysj.105.064766. 
 
Muralidhar, D. et al. (2005) ‘Equilibrium unfolding of neuronal calcium sensor-1: N-terminal 
myristoylation influences unfolding and reduces protein stiffening in the presence of calcium’, 
Journal of Biological Chemistry. Â© 2005 ASBMB. Currently published by Elsevier Inc; 
originally published by American Society for Biochemistry and Molecular Biology., 280(16), 
pp. 15569–15578. doi: 10.1074/jbc.M414243200. 
 
Na, J. H., Lee, W. K. and Yu, Y. G. (2018) ‘How do we study the dynamic structure of 
unstructured proteins: A case study on nopp140 as an example of a large, intrinsically 
disordered protein’, International Journal of Molecular Sciences. MDPI AG. doi: 
10.3390/ijms19020381. 
 
Naqvi, M. M. et al. (2015) ‘Single-Molecule Folding Mechanisms of the apo- and Mg2+-
Bound States of Human Neuronal Calcium Sensor-1’, Biophysical Journal. Biophysical 
Society, 109(1), pp. 113–123. doi: 10.1016/j.bpj.2015.05.028. 
 
Pavel P. Philippov, K.-W. K. (2006) Neuronal Calcium Sensor Proteins. New York: Nova 
Science Publishers. Available at: https://books.google.is/books?id=gT-
mNaGTRhMC&pg=PA11&lpg=PA11&dq=hydrophobic+crevice&source=bl&ots=NMqtnn6
uw6&sig=ACfU3U1ccEimQA8GGMoWzEQaQEacu-
Dh5Q&hl=en&sa=X&ved=2ahUKEwjK2JPphKbuAhUEKuwKHU3_D8MQ6AEwB3oECA
sQAg#v=onepage&q=hydrophobic crevice&f=false (Accessed: 19 January 2021). 
 
Plitzko, J. M., Schuler, B. and Selenko, P. (2017) ‘Structural Biology outside the box — inside 
the cell’, Current Opinion in Structural Biology. Elsevier Ltd, pp. 110–121. doi: 
10.1016/j.sbi.2017.06.007. 



 49 

Pongs, O. et al. (1993) ‘Frequenin-A novel calcium-binding protein that modulates synaptic 
efficacy in the drosophila nervous system’, Neuron. Cell Press, 11(1), pp. 15–28. doi: 
10.1016/0896-6273(93)90267-U. 
 
Sasmal, D. K. et al. (2016) ‘Single-molecule fluorescence resonance energy transfer in 
molecular biology’, Nanoscale. Royal Society of Chemistry, pp. 19928–19944. doi: 
10.1039/c6nr06794h. 
 
Schuler, B. (2007) ‘Application of single molecule Förster resonance energy transfer to protein 
folding.’, Methods in molecular biology (Clifton, N.J.). New Jersey: Humana Press, 350, pp. 
115–138. doi: 10.1385/1-59745-189-4:115. 
 
Schuler, B. (2013) ‘Single-molecule FRET of protein structure and dynamics - a primer.’, 
Journal of nanobiotechnology. BioMed Central, 11 Suppl 1(Suppl 1), p. S2. doi: 10.1186/1477-
3155-11-S1-S2. 
 
Soranno, A. et al. (2012) ‘Quantifying internal friction in unfolded and intrinsically disordered 
proteins with single-molecule spectroscopy’, Proceedings of the National Academy of Sciences 
of the United States of America. National Academy of Sciences, 109(44), pp. 17800–17806. 
doi: 10.1073/pnas.1117368109. 
 
Staby, L. et al. (2020) ‘Disorder in a two-domain neuronal Ca2+-binding protein regulates 
domain stability and dynamics using ligand mimicry’, Cellular and Molecular Life Sciences. 
Springer Science and Business Media Deutschland GmbH, 1, p. 3. doi: 10.1007/s00018-020-
03639-z. 
 
Strahl, T. et al. (2007) ‘Structural insights into activation of phosphatidylinositol 4-kinase 
(Pik1) by yeast frequenin (Frq1)’, Journal of Biological Chemistry. Elsevier, 282(42), pp. 
30949–30959. doi: 10.1074/jbc.M705499200. 
 
Tosetti, P. and Dunlap, K. (2004) ‘Assays of RGS3 activation and modulation’, in Methods in 
Enzymology. Academic Press Inc., pp. 99–119. doi: 10.1016/S0076-6879(04)90007-9. 
Wallin, S. (2017) ‘Intrinsically disordered proteins: structural and functional dynamics’, 
Research and Reports in Biology, Volume 8, pp. 7–16. doi: 10.2147/rrb.s57282. 
 
Wright, P. E. and Dyson, H. J. (2015) ‘Intrinsically disordered proteins in cellular signalling 
and regulation’, Nature Reviews Molecular Cell Biology. Nature Publishing Group, pp. 18–29. 
doi: 10.1038/nrm3920. 
 
Zosel, F., Holla, A. and Schuler, B. (2020) ‘Labeling of proteins for single-molecule 
fluorescence spectroscopy’, ChemRxiv, pp. 1–24. doi: 10.26434/chemrxiv.11537913.v1. 
 
  



 50 

 

Appendix A expression and purification 
Transformation of pET-16b in LEMO 21 was a success. Discernable colonies grew on the agar 
and nothing grew on the control dish. 

 

Figure A.1 Transformation in LEMO21 (DE3) Escherichia coli. Petri dishes containing LB 
media with 1.5% w/v agar and the antibiotics ampicillin and chloramphenicol. Left: E. coli 
colonies containing pET-16b plasmid.  Right: Control to make sure that only transformed E. 

coli were growing on the dishes. 
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NCS-1 special property of being hydrophobic when bound to calcium ions was used for the 
first step of purification. The protein, bound to calcium so the hydrophobic binding site of the 
protein is exposed, is loaded on a phenyl-Sepharose column. To elute the protein, the column 
was washed with a buffer containing 2 mM EGTA, equimolar to the calcium added before the 
protein was loaded. EGTA binds calcium with very high affinity, prying it from the NCS-1 
bound to the column. When NCS-1 is no longer bound to calcium ions the hydrophobic binding 
site is no longer exposed to the surface of the protein, causing it to elute from the column. 
Figure A.2 shows a representative chromatogram from a HIC of the 4/188C mutant. The second 
peak, at approximately 80-100 min, represents the protein that was eluted of the column with 
the addition of EGTA.  
 

 

Figure A.2 Chromatogram from an HIC of the 4/188C mutant. Red line: Conductivity 
measured in mS per cm. Blue line: The absorbance at 280 nm. The first peak are 

contaminants that did not bind to the column. The second peak is the protein that eluted when 
EGTA was added to the column. The third are contaminants that eluted when the column was 

washed with water, and the fourth peak are contaminants that came when the column was 
rinsed with 20 % ethanol. 
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To verify which tubes contained the second peak, and therefore containing NCS-1, a sample 
from the tubes around the peak were subjected to SDS-PAGE. As figure A.3 shows, NCS-1 
was present in the second and third peaks (proteins eluted with EGTA and water, respectively). 
It is also clear that the protein is fairly pure after this one purification step. Tubes 31-45, 
containing NCS-1 were pooled together and their concentration measured with Nanodrop (table 
4.2). Tube 50 contains the third peak and tube 59 contains the fourth peak.  
 

 

Figure 4.3 Results from electrophoresis of NCS-14/188C samples after HIC. In lane 6-15 a 
broad band can be detected below 25 kDa which is estimated to be NCS-1. Lane 1: 

PageRuler prestained ladder. Lane 2: Flowthrough from figure A.2. Lane 3-13: Peak 2 from 
figure A.2. Lane 14: peak 3 from figure A.2. Lane 15: peak 4 from figure A.2. 
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Appendix B smFRET on 178 mutant 
SmFRET measurements were performed on the NCS-1178C mutant. Due to dominating donor-
only peak and small number of bursts, like figure B.1 demonstrates, those measurements were 
not continued and the focus put on the NCS-14/188C mutant The acceptors’ positioning could be 
the reason for the overwhelming donor-only peak Those measurements were not continued and 
the focus put on the NCS-14/188C mutant.  
 

 

Figure B.1 smFRET measurement on NCS-1178C, labeled with the simultaneous-labeling 
approach. Despite optimization of the measurements the total burst count is very low as well 

as the donor-only peak being large, even after PIE filtering. This may be due to an 
inconvenient positioning of the acceptor causing it to quench. 

 

 

 
 
 


