
 

i

v 

 

Mechanical and Thermal Stability o f Tandem Repeats of H ighly -Bioluminescent Protein  

NanoLuc  

by 

Dimitra Apostolidou  

Department of Mechanical Engineering and Materials Science 

Duke University  

 

Date: October 16, 2023 

Approved:  

 

Piotr Marszalek, Supervisor 

 

Gaurav Arya  

 

Brent Hoffman  

 

Terrence Oas 

 

Stefan Zauscher 

 

 

 

 

 

 

Dissertation submitted in partial fulfillment of  

the requirements for the degree of Doctor 

of Philosophy in the Department of  

Mechanical Engineering and Materials Science in the Graduate School 

of Duke University  

 

2023 

 



 

 

 

ABSTRACT 

Mechanical and Thermal Stability of Tandem Repeats of Highly -Bioluminescent Protein  

NanoLuc  

by 

Dimitra Apostolidou  

Department of Mechanical Engineering and Materials Science 

Duke University  

 

Date: October 16, 2023 

Approved:  

 

Piotr Marszalek, Supervisor 

 

Gaurav Arya  

 

Brent Hoffman  

 

Terrence Oas 

 

Stefan Zauscher 

 

 

 

 

 

An abstract of a dissertation submitted in partial  

fulfillment of the requirements for the degree  

of Doctor of Philosophy in the Department of  Mechanical Engineering and Materials 

Science in the Graduate School of 

Duke University  

 

2023 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by  

Dimitra Apostolidou  

2023 

 



 

  
iv  

Abstract 

Proteins are molecules found in all living kingdoms due to their several cellular 

functions.  They are comprised of amino acids, which are linked together forming long 

polypeptide chain s. These chains can fold into specific three-dimensional  structures, 

unique to every protein, which are directly related to their function.  However, proteins 

can lose this structure for various reasons (e.g., an increase in temperature). This can 

result in protein  misfolding and possibly formation of aggregates that are dangerous to 

cell viability.  Some of these aggregates are known to result in diseases, such as 

Alzheimer's disease.  

Additionally, in cells there is a class of proteins, the molecular chaperones. Those 

have been shown to assist other proteins to fold into their native state, along with assist 

in breaking down aggregates to prevent cell death. However, the mechanisms in which 

chaperones are able to do so, are not fully understood and are still under investigation. 

Up till now, only a small number of proteins have been used in the c haperones 

mechanism studies, despite the large number of substrate proteins they assist. Therefore, 

it is likely  that our current view of the chaperones mechanism may be limited with 

regards to their overall mechanism. At the same time, with the recent developments in 
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the biotechnology industry, understanding and predicting functional  protein folding  

structures has had a great impact in the development of therapeutic proteins. 

Here, we develop and introduce new substrates to examine the chaperone-

assisted refolding mechanism. Our  novel substrates are based on the newly identified 

protein, NanoLuc (Nluc), which we  aim to examine both with regards to its unfolding 

and refolding  properties. Nluc is a highly bioluminescent protein, despite its small 19 

kDa size. In comparison, Nluc is approximately 3 times smaller than firefly luciferase 

(Fluc, 61 kDa), a protein that has been extensively used in molecular chaperone-assisted 

refold ing studies. However, Nluc produces 150 times brighter bioluminescence signal to 

Fluc. Additionally, Nluc bioluminescence reaction is ATP independent, unlike Fluc  who 

requires ATP energy to produce the bioluminescence signal. This bioluminescence 

signal, regardless of the protein, is directly related to ÛÏÌɯ×ÙÖÛÌÐÕɀÚ native state. Thus, any 

structural compromise in Nluc  due to denaturing conditions  will result in loss of its 

bioluminescence signal in bioluminescence assays. Combining our novel substrates 

based on Nluc together with chaperone proteins, we aim to examine how chaperones 

assist the refolding of thermally  and mechanically denatured Nluc. In this way we aim 

to introduce various substrates of Nluc repeats with the goal of identifying new possible 

chaperone and substrate interactions.   
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In more detail, for the thermal denaturation studies of our poly -protein 

constructs we engineered three constructs: monomeric, dyad, and triad Nluc. For the 

dyad and triad Nluc constructs two and three Nlucs, respectively, were linked using a 

short amino acid sequence. Unfolding of the protein constructs was observed during the 

thermal denaturation. With the removal of the denaturant (temperature), we observed 

misfolding and refolding in the presence and absence of chaperones based on the 

bioluminescence signal produced when the protein is correctly folded. Additionally, we 

engineered novel poly-protein constructs with tandem repeats of Nluc and titin I91 

domains for the mechanical unfoldin g, misfolding , and refolding experiments. The aim 

behind these experiments was to examine the misfolding and refolding behavior of Nluc 

when it is linked to itself versus when it is separated by the titin I91 domains. Our 

findings showed that the unfolding behavior of the various constructs were very similar 

to one another, however their refolding was different. We observed via cyclic 

mechanical unfolding/refolding studies that when Nluc proteins were separated with 

titin I91 domains, the protein  was less likely to misfold , than when the Nlucs were 

linked next to each other. A more detailed description per chapter is provided below.  

In chapter one, we introduce basic principles of biochemistry and physics to be 

later used. Those include defining what  is a protein, introducing thermodynamic laws, 
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discussing the protein folding paradox and the energy landscapes of proteins, and 

finishing with an introduction to molecular chaperones.  

In chapter two, we introduce the materials and methods used in this work. We 

start with explaining what bioluminescence is. Then, we proceed with introducing Nluc 

along with the engineered protein constructs used in this work . We describe our 

detailed protocols on protein expression and purification . A description of our 

bioluminescence protocol is also provided. Then we proceed with an introduction to the 

Atomic Force Microscopy (AFM) -based Single Molecule Force Spectroscopy (SMFS) 

technique, which relies on the elastic properties of the polypeptide chain of proteins. 

Worm -like chain model is explained along with basic operation of the device used 

during the experiments. Lastly, we introduce Molecular Dynamic (MD) Simulations, 

and we present the protocol followed in those simulations.  

In chapter three, we present the AFM-based SMFS experiments for one of the 

Nluc protein constructs , Ὅωρ ὔὰόὧὍωρ. In this chapter we examine and discuss the 

unfolding behavior of this poly -Nluc and titin I91 domain construct in which the three 

Nlucs are linked next to each other by a very short linker (5 amino acids) . The aim is to 

understand how linking  the Nluc  repeats in close proximity  affects their misfolding 

behavior. 
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In chapter four, similarly to chapter three, we present the AFM -based SMFS 

experiments for two of the  engineered Nluc protein constructs , Ὅωρ ὔὰόὧὍωρ and 

ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ. In one of these constructs, we have the 

same number of Nluc proteins (three) and titin I91 domains (four), as the construct in 

chapter three, but in this construct the  Nlucs are separated from each other by titin I91 

domains. By mechanically unfolding/refolding  this construct, we can examine how 

separating the various Nlucs affects their unfolding and refolding behavior. We also 

examined the unfolding  and refolding behavior of a single Nluc flanked by titin I9 1 

domains. The two constructs in this chapter were compared in order to examine if the 

three Nlucs behaved as three Ɂsingleɂ Nlucs, like in the Ὅωρ ὔὰόὧὍωρ construct. 

Our findings showed they had similar behavior. Lastly, we present results on the 

simulations for steered MD simulations  along with coarse-grained MD simulations . The 

coarse-grained MD simulations were performed by  Dr. Pan Zhang, a PhD candidate at 

that time  in Dr. 6ÌÐÛÈÖɯ8ÈÕÎɀÚɯÎÙÖÜ× as part of a collaboration. 

In chapter five, we tested three protein constructs we engineered that we used in 

our chaperone assisted refolding studies via bioluminescence assays. The constructs 

generated were monomeric, dyad, and triad Nluc , which we thermally denatured at the 

melting temperature of υψὅ in the absence of chaperones. During our experiments we 

observed that monomeric Nluc demonstrated strong thermal stability (minimal loss in 
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bioluminescence signal), as previously reported in literature. However, dyad and triad 

Nluc constructs would lose their bioluminescence signal indicating a loss in their native 

three-dimensional conformation. Therefore, we performed chaperone assisted refolding 

studies to examine the recovery of these proteins, and we observed both were strong 

chaperone substrates. Another interesting observation was the fact that GrpE, a known 

nucleotide exchange factor of DnaK, did not have a significant effect in refoldi ng of 

these constructs. This is contrary to the literature up till now as in most cases GrpE i s 

shown to be very important in the refolding of substrate proteins, e.g., in Fluc refolding 

assays, as we observed in our control experiments. Additionally, we performed MD 

simulations to try and elucidate possible misfolding of the various Nluc constructs. We 

performed both coarse-grained simulations (by our collaborator Dr. Pan Zhang and Dr. 

Weitao Yang) and all-atoms simulations. Lastly, we present the TADOSS domain 

swapping simulations results from our collaborators ( Dr. Pan Zhang and Dr. Weitao 

Yang) to provide some computational understanding to possible misfolding events of 

poly -Nluc constructs. 

In chapter six, we conclude our findings and present future work on our study.
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1. Introduction 

1.1. Introduction to proteins 

In 1838, the Dutch chemist Gerardus Johannes Mulder discovered proteins and 

gave them this name after his correspondence with Jacob Berzelius. The latter suggested 

this name, believing that ,ÜÓËÌÙɀÚ discovery was of compounds with  pivotal 

importance to biological systems (1).  

After many years, in 1951 Linus Pauling , Robert Corey, and Herman Branson 

published their work with their  discoveries of what is now known as the backbone of 

thousands of proteins, the ϔ-helix and ϕ-sheet (2). This discovery enabled scientists to 

understand proteins  and build protein models almost a decade before the X-Ray 

crystallography of entire proteins (2). Their innovative approach was also adopted two 

years later by Watson and Crick for the DNA discovery in 1953, emphasizing even more 

the significance of their work.  

With the discovery of the central dogma in 1958, we know that proteins are 

macromolecules1 produced in cells through a process called translation when the 

messenger RNA (mRNA) binds to the ribosome, which is the cellular machinery for 

protein production. mRNA is produced from DNA , which is the macromolecule 

 

1 In biology, macromolecules are molecules containing a very large number of atoms, such as proteins, 

nucleic acids (e.g., DNA, mRNA), carbohydrates, and lipids.  
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containing all the genetic information in an organism,  through a process called 

transcription in cells .  

DNA and mRNA , as nucleic acids, are comprised of nucleotides. Every three 

nucleotides (triplet ) is the genetic code, also referred to as codon, which encodes a 

specific amino acid that forms the protein chain (translation process). Out of more than 

500 amino acids found in nature (3), only 20 natural amino acids are found in humans , 

with selenocysteine and pyrrolysine being two recent additions of rare amino acids that 

can be incorporated into protein chains at the ribosome  (4).  

Proteins have a plethora of functions in cells and their existence is fundamental 

to the majority of cellular functions, from structural to motor elements, giving them the 

title of cell workhorse.  Despite some debate, we are aware that in human cells there are 

about at least more than 20,000 unique protein encoding genes in the DNA (5, 6). 

1.1.1. Amino acids 

We previously mentioned the term amino acids. Depending on the size of the 

protein, it can contain many amino acids, which are, in fact, the building blocks of 

proteins.  
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Figure 1: Structure of an amino acid.  Every amino acids consists of a central 

carbon ╒╪, an amino  group  ╝╗, carboxyl group  (COOH) , and a side group (R) . Figure 

is taken from reference (4). 

Every amino acid consists of a central carbon (Cϔ), an amino group (NH2), and a 

carboxyl group (C(=O)OH), a hydrogen and a side group (R), also referred to as side 

chain, as seen in Figure 1, all  of which are covalently  bonded2 to the central carbon, with 

the most commonly seen covalent bonds in protein s between C-C, C-O, and C-N. The 

various side groups (R) are what separate the various amino acids among each other. 

The side groups of the amino acids vary in their composition and length , which makes 

them distinguishable based on their structure, polarity, electrical charge  (positive vs 

negative), hydrophilicity, and hydrophobicity  (4).  

In order to form macromolecules, the amino acids form covalent bonds among 

each other, also known as the (poly)peptide bond, resulting in a long chain of amino 

acids. This is done via a chemical reaction by extracting a water molecule when the 

amino group of one amino acid is linked with the carboxyl group of the neighboring 

amino acid. The repeating ὔ ὅ ὅ  unit of this (poly)peptide chain is also referred 

to as the protein  backbone with the varying side groups (R).   

 

2 Covalent bonds involve the equal sharing of an electron pair by two atoms.  The strength of a covalent 

bond depends on the atoms involved in forming the bond.  For example, the average C-H bond has a 

strength of 415 kJ per mole.  
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1.1.2. Protein structure 

Proteins can have four different levels of structure: primary, secondary, tertiary, 

and quaternary . The linear chain of amino acids formed by the polypeptide bonds is 

called the primary protein structure. Since this is a linear chain, the beginning of the 

chain will have the ɁÍÙÌÌɂɯÜÕÓÐÕÒÌËɯamino group and the end of the chain will  similarly  

have the ɁÍÙÌÌɂɯunlinked carboxyl group. Because of this, usually the ends of proteins 

are referred to as N-termin us and C-termin us.  

Locally,  stretches of this chain can form certain folding patterns , with the two 

most common being the ϔ-helix and ϕ-sheet. These are achieved by the formation of 

hydrogen bonds3 among the amino acids and constitute the secondary structure of a 

protein.   

Most proteins consist of many secondary structures and their ensemble of folds 

and formations is the tertiary structure of this protein. At this stage disulfide bonds 4, 

 

3 Hydrogen bonds are a specific type of electrostatic interaction. They form when a proton  is attached to an 

electronegative atom (H-bond donor) and a lone pair of electrons on an electronegative atom (H- bond 

acceptor) (262). The bond strength can range from about 8-30 kJ per mole.  
4 Disulfide bonds form between two cysteine amino acids  and are covalent bonds. These have thiol groups 

that can be oxidized to form a disulfide bridge. This process can be reversed with the use of reducing agents. 

The strength of these bonds are around 251 kJ per mole. 
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hydrogen bonds, ionic bonds 5 (also referred to as salt bridges), hydrophobic , and van 

der Waals6 ÐÕÛÌÙÈÊÛÐÖÕÚɯÞÐÓÓɯÍÜÙÛÏÌÙɯÚÛÈÉÐÓÐáÌɯÛÏÌɯ×ÙÖÛÌÐÕɀÚɯÚÛÙÜÊÛÜÙÌ.   

Lastly, some proteins are monomeric, consisting of only one polypeptide chain.  

However, some proteins are oligomeric and can consist of two or more polypeptide 

chains, with the most famous example being hemoglobin consisting of two polypeptide 

chains. The quaternary protein structure describes the interactions of more than one 

folded  polypeptide chain with other folded polypeptide chains . This packed structure 

can be held by hydrogen bonds, ionic bonds, and van der Waals interactions. 

1.2. Thermodynamics of proteins 

Many biological processes can be described using thermodynamic s and its 

principles. These can be very significant  considering how thermodynamics can 

determine whether a physical process is possible. Thermodynamics describes 

relationships of various forms of energy , such as energy of chemical bonds or energy of 

intermolecular interactions , and how this energy macroscopically affects matter. The 

work  here does not focus in great detail  on the thermodynamic  description and analysis 

of the systems discussed. However, it has a crucial part in understanding  many 

processes later described, such as Ɂwhy proteins fold to their native state ɂ and Ɂhow do 

 

5 Ionic bonds are formed when oppositely charged side groups (R) are electrostatically  attracted. They are 

the second strongest bond below covalent and above hydrogen bonds. 
6 Van der Waals interactions have the nature of instantaneous dipole-dipole interaction  and are the weakest 

out of the four bonds formed in proteins and have a bond strength of 0.4 -4 kJ per mole. 
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proteins unfold ɂ. Also, thermodynamics are focused on spontaneous processes, 

meaning processes that are completed by themselves, instead of indicating rates of 

possible reactions. 

In thermodynamics there are three fundamental laws and, in our case, the first 

two are the most important  to mention . The 1st law of thermodynamics states that 

energy cannot be created or destroyed. A way to describe the state of the system under 

examination in thermodynamics is to use state functions, such as temperature, pressure 

and amount of molecules. In biological systems out of all the state functions, pressure is 

constant. Also, volume changes in most biochemical reactions are negligible. Therefore, 

enthalpy is a very convenient combination of these state functions to describe biological  

systems, e.g., a protein in solution. Thus, any changes that occur are due to heat that is 

absorbed (or emitted ) which we can easily measure experimentally. An  easy way to 

understand the application of enthalpy in proteins is to consider all the bonds we 

previously mentioned being part of the  secondary, tertiary , and quaternary structure of 

proteins, which all require energy to form and break. Forming and breaking these bonds 

can be achieved in biochemical reactions with the release or absorption of heat from or 

to the reactants and products of this reaction.  

Apart from  the 1st law of thermodynamics, the 2 nd law of thermodynamics is also 

very crucial to biological systems. The 2nd law of thermodynamics states that the 

universe is always leaning towards maximum disorder. This is key to describe 
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spontaneous processes which are distinguished by their tendency to move from order to 

chaos. Spontaneous processes are favored when the disorder of the universe is 

increased. A useful way to describe the ways in which the system can arrange itself to 

achieve maximum disorder is entropy. Like enthalpy, entropy is also a state function 

that relies on the parameters that describe the state.  

According to random chance every system will spontaneously arrange itself in 

its state of maximum entropy due to its higher probability. Therefore, given the system 

has reached its maximum entropy, the system has reached equilibrium. Additionally, it 

is worth mentioning how a system can be ordered while introducing more disorder to 

its surroundings. This is key when we discuss protein folding in aqueous solutions in 

which the protein reaches its native and highly ordered conformation  (three-

dimensional structure). When the protein folds, it releases previously bound water 

molecules, which now are not constrained and have more degrees of freedom increasing 

the entropy of the water. Additionally, m any processes can be reversible, however it is 

not always the case, and the reversibility can be possible even at elevated temperatures.  

These two terms, enthalpy and entropy, combined result to one of the most 

important thermodynamics functions, the Gibbs free energy (Ὃ). We usually are 

interested in the changes of the Gibbs free energy (ῳὋ), which indicate  how spontaneous 

a process is under  constant pressure and temperature Ὕ:  

ῳὋ ῳὌ ὝῳὛ 
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in which ῳὌ is changes is enthalpy, and ῳὛ is changes in entropy. 

Knowing the values of ῳὌ and ῳὛ we can predict if a process is enthalpically  

and/or entropically favorable. From this we can infer if a process is exergonic7 or 

endergonic8, or in equilibrium 9. A well -known and vital exergonic reaction in biology is 

the ATP hydrolysis, which is utilized in many biological reactions . This is due to the fact 

that the released energy of the hydrolysis can provide the necessary energy (30.5 kJ per 

mole) for  endergonic reactions to proceed. 

Another important application of the Gibbs free energy in biology is the 

determination of the denaturation temperature  of proteins, which varies for all proteins. 

Proteins can have both a cold and a heat denaturation temperatures. The cold 

denaturation temperature is usually not experimentally observed due to its occurrence 

at temperatures below water freezing temperatures. However, cold denaturation 

temperature can be important when proteins are stored in freezers for prolonged 

periods. Additionally, heat denaturation of proteins occurs at elevated temperatures and 

is more likely to be observed experimentally.  Below the heat denaturation temperature , 

the protein spontaneously fold s to its native state, since ͅ G is negative in this case. For 

 

7 Exergonic processes have ͅ G<0 and are characterized by a flow of energy from the system to the 

surroundings.  
8 Endergonic processes have ͅ G>0 and are characterized by a flow of energy from the surroundings to the 

system. 
9 Processes in equilibrium have ͅ G=0. 
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most proteins the denaturation temperature is above the room temperature. Apart from 

temperature, disorder of a system, and therefore entropy, can be increased by the 

increase in volume. This is important since diluting proteins eventually increase the ir  

entropy  since entropy depends on concentration.  

Additionally, often in reactions with enzymes (or biocatalysts)10 the direction of 

the reactions relies on the availability of the substrates, as we will see in our refolding 

reactions later on. Interestingly, enzymes do not change or affect ͅ G, therefore they do 

not make a reaction with Gͅ>0 take place. However, they can accelerate the system to 

reach equilibrium by control ling  the overall flux of materials through out the pathway  of 

the reaction (7). 

1.3. Protein folding paradox 

As previously mentioned, proteins can form structures with folding patterns. 

However, ÐÛɯÐÚɯÚÛÐÓÓɯÜÕÒÕÖÞÕɯÏÖÞɯÈɯ×ÙÖÛÌÐÕɀÚɯÈÔÐÕÖɯÈÊÐËÚɯÚÌØÜÌÕÊÌɯȹ×ÙÐÔÈÙàɯÚÛÙÜÊÛÜÙÌȺɯ

dictates its three dimensional structure, also known as the protein folding problem.  This 

is a significant problem since proteins have properties and functions based on their three 

dimensional structure. What is generally accepted is that native states of proteins under 

physiological conditions are able to almost always fold and obtain a three dim ensional 

 

10 In biochemistry enzymes are proteins that drive reactions involving their substrates  to proceed. This is 

done by decreasing the energy barrier up to a level that the reaction can proceed. 
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structure that is thermodynamically stable (8). While the folding is very crucial the 

unfolding of these proteins is also something that naturally occurs in cells and both of 

them are closely related.  

1.3.1. Historical background 

The observation that proteins coagulate when heated with experiments on 

albumins, hemoglobin, and globulins , along with similar observations with changes in 

the pH and salt concentration, initiated the discussion around protein denaturation.  

While many other scientists continued the examination of this phenomenon  with many 

key findings , it was in 1925 when Anson and Mirsky published their work, which 

showed that the denaturing process for hemoglobulin is reversible . This reversible 

process is observed for other proteins too, except for albumin, a finding that was 

extremely significant in the field  at that time. In 1954 Lumry and Eyring proposed that 

alterations to the unfolded state would cause irreversible protein denaturation. This is 

also in addition to the fact that denaturing a protein would result in an ensemble of 

more or less unfolded protein conformation s (9). This model was represented as ὔᴾ

ὟᴼὊ, with N: native protein, U: unfolded protein , F: irreversible denatured protein. 

However, th is schematic is a simplification since the states U and F can have a 

significant number of populated intermediate states with complicated kinetics, 

especially when protein aggregation is involved.  In 1961 Anfinsen, Haber, Sela, and 

White  reported on RNase A reversible folding after being denatured (10, 11). 
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While these studies of protein unfolding  and refolding  were taking place, in 1968 

Levinthal made key calculations which resulted to  what is now known as  +ÌÝÐÕÛÏÈÓɀÚɯ

paradox (12, 13). These calculations demonstrated how unlikely it is for proteins to 

randomly explore all the ir  available conformations until t hey ɁÚÛÜÔÉÓÌɂɯÖÕÛÖɯtheir  

native conformation. In fact, if the random search was true, protein s would require an 

infinite amount of time  to fold , however we know that proteins fold within seconds  or 

less (14). In 1973 Anfinsen published his work on the thermodynamic hypothesis which 

ÚÛÈÛÌËɯÛÏÈÛɯÛÏÌɯ×ÙÖÛÌÐÕɀÚɯÈÔÐÕÖɯÈÊÐËɯÚÌØÜÌÕÊÌɯÈÕËɯÛÏÌɯÌÕÝÐÙÖÕÔÌÕÛÈÓɯÊÖÕËÐÛÐÖÕÚɯÐÕɯÞÏÐÊÏɯ

ÍÖÓËÐÕÎɯÖÊÊÜÙÚɯÈÙÌɯÛÏÌɯËÌÛÌÙÔÐÕÐÕÎɯÍÈÊÛÖÙÚɯÖÍɯÈɯ×ÙÖÛÌÐÕɀÚɯÛÏÙÌÌɯËÐÔÌÕÚÐÖÕÈÓɯÚÛÙÜÊÛÜÙÌ in 

which the Gibbs free energy is the lowest (10). 

Therefore, theories on energy landscapes and folding intermediates were 

generated in order to understand the pathways in protein folding. Also, it was 

established that smaller proteins, around Ȁ100 amino acids tend to fold spontaneously 

by ÛÏÌÔÚÌÓÝÌÚȮɯÈÕËɯÛÏÌÚÌɯ×ÙÖÛÌÐÕÚɯÈÙÌɯÊÖÕÚÐËÌÙÌËɯÛÖɯÉÌɯɁÔÖËÌÓɂɯ×ÙÖÛÌÐÕÚɯ(8). These 

proteins have two -state kinetics, ὊᴾὟ (folded  (F) and unfolded  (U)) (15). However, a 

vast majority of proteins, especially those consisting of multiple domains , tend to have 

more than two -state kinetics with the in between states being intermediates (8).  

1.3.2. Energy landscape 

 Theories around the energy landscape of protein folding have evolved over the 

years, with an increase in the complexity of describing them. Initially, as  previously  
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mentioned, it was believed that proteins randomly search for  their native conformation. 

An energy landscape in this case would look like in Figure 2(a). We can envision the 

protein as a ball rolling on the flat surface until it falls in the hole, at the bottom of which 

is the native state (N). 

Levinthal showed such a landscape is unlikely to be true. Therefore, Levinthal , 

based on the denaturing experiments, suggested the energy landscape shown in Figure 

2(b). He proposed that instead of a random search, the protein starts its folding process 

from a denatured conformation (A) and follows a tunnel to the native structure (N).  Due 

to this tunnel the protein has a pathway  to fold.  Any pathways of folding outside the 

ÍÜÕÕÌÓɯÞÌÙÌɯÊÖÕÚÐËÌÙÌËɯɁÖÍÍ-×ÈÛÏÞÈàɂɯÐÕÛÌÙÔÌËÐÈÛÌÚȮɯÈÕËɯÈÕàɯÐÕÛÌÙÔÌËÐÈÛÌÚɯÐÕɯÛÏÌɯ

funÕÌÓɯÞÌÙÌɯɁÖÕ-×ÈÛÏÞÈàɂɯÐÕÛÌÙÔÌËÐÈÛÌÚȭ 

 

Figure 2: Schematic representation of energy landscapes.   (a) Energy landscape 

based on random search. (b) Levinthal's energy landscape. Figure is taken from 

reference (16). 
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However, even the energy landscape suggested by Levinthal was not sufficiently 

describing the folding of proteins . This was because there were two ways a protein 

ÊÖÜÓËɯÍÖÓËɯÛÏÈÛɯÞÌÙÌɯÚÛÙÐÊÛÓàɯÚÌ×ÈÙÈÛÌËɯȹɁÖÍÍɂɯÈÕËɯɁÖÕ-×ÈÛÏÞÈàɂȺȭ Another limitation of 

+ÌÝÐÕÛÏÈÓɀÚɯÌÕÌÙÎàɯÓÈÕËÚÊÈ×ÌɯÞÈÚɯÛÏÌɯËÌ×ÐÊÛÐÖÕɯÖÍɯÈɯÚÐÕÎÓÌɯÐÕÐÛÐÈÓɯËÌÕÈÛÜÙÌɯÊÖÕÍÖÙÔÈÛÐÖÕɯ

(A). Most denatured proteins populate an ensemble of various conformations, which 

was not encompassed in this energy landscape depiction. 

For this reason, the direction of describing the energy landscape switched 

towards energy funnels. Those allowed many different  folding routes with many folding 

initiation points to occur in the protein folding process , as seen in Figure 3(a) with black 

dots and black arrows. This energy funnel is for an idealized smaller in size protein. 

Most medium to large size proteins ( ρππ mino acids) are more complex in their 

folding process with many hills and valleys  in their energy landscape, as seen in Figure 

3(b). Parts of the energy landscape have hills that can be seen as kinetic traps, which 

slow part of the (re)folding process (8). Additionally, parts of the energy landscape will 

have dips with  fast transient states with rapid equilibrium  (16). As seen in Figure 3(b), 

the more valleys and hills an energy landscape has, the more transition states it will 

have, which would reflect possible misfolded or partially folded intermediates of this 

protein.  

This is an important observation considering that more than 70% of the 

eukaryotic proteome is comprised of multidomain proteins (17), so an energy landscape 
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in Figure 3(b) would be representative for a large number of proteins found in nature.  

Even though single domain proteins are only 30% of the eukaryotic proteome, they are 

in general simpler to characterize and studies on their folding can still contribute to 

understanding how proteins fold.   

 

  

Figure 3: Schematic representation of energy landscapes.  Idealized funnel 

energy landscape. (b) A r ugged energy landscape. Figure is taken from reference (16). 

 Moreover, since a large number of proteins are complex with rugged o r bumpy 

energy landscapes, the cells utilize enzymes to catalyze their folding process.  One of 

these groups of proteins are molecular chaperones (4, 9). In fact, with many of these 

initial protein folding studies performed in isolated in vitro conditions, Creighton was 

one of the first scientist to argue how these studies were liable to producing  biased 

results ignor ing or dismissing the contribution of chaperones (18). Additionally, 

scientists started to observe how a lot of protein refolding experiments performed in 
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vitro ha d different kinetics when compared with those in vivo . In vivo protein folding 

has faster refolding rates when compared to in vitro by several orders of magnitude (18). 

Many of the in vitro studies showed proteins refold within minutes to days and are 

often of low efficiency (4, 18). Thus, interactions observed in vitro may not always be 

representative of the in vivo processes. 

1.3.3. Recent advancement in solving protein folding structures 

Since the development of computers, scientists have attempted to use 

computational tools in order to solve the protein folding problem . In more recent years, 

Critical Assessment of Structure Prediction (CASP) and Rosetta algorithms have been 

used to predict structures of proteins (19, 20). However, many challenges in protein 

prediction are  still not overcome.  In 2021 there was a new breakthrough in protein 

prediction algorithms , when the Alphafold algorithm developed by DeepMind, a U.K. -

based AI company, was able to correctly predict about 100,000 structures of unique 

proteins using deep learning algorithms, matching those found in Protein Data Bank 

(PDB) (21). Already many companies  and universities  are utilizing this new approach in 

predicting structures for  possible therapeutic molecules and proteins. Despite its great 

importance and good predictability, Alphafold still lacks in some areas, and cannot 

predict all protein structures, however the future seems very promising given the 

massive efforts put in to improve its performance  (22).  
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1.4. Chaperone proteins  

1.4.1. Historical background 

In 1962 Ferrucio Ritossa published his pioneering work on heat shock response 

in drosophila , inspiring a new generation of scientists (23, 24). Then, in 1978 Laskey used 

ÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌɯÛÏÌɯÛÌÙÔɯɁÔÖÓÌÊÜÓÈÙɯÊÏÈ×ÌÙÖÕÌɂɯÐÕɯÏÐÚɯÈÙÛÐÊÓÌɯ(25). Later, in 1987 John 

$ÓÓÐÚɯÚÜÎÎÌÚÛÌËɯÛÏÌɯÛÌÙÔɯɁÔÖÓÌÊÜÓÈÙɯÊÏÈ×ÌÙÖÕÌÚɂɯÛÖɯËÌÚÊÙÐÉÌɯÈɯÎÙÖÜ×ɯÖÍɯ×ÙÖÛÌÐÕÚɯÛÏÈÛɯ

appeared to be assisting other proteins to acquire their correctly folded structure along 

with  assisting proteins to form possible oligomeric assemblies (26). Their contributions, 

along with other scientists, have been essential in understanding at those early stages 

how cells respond to stress conditions. Now, we know that all living organisms have a 

large group of ubiquitous proteins, known as molecular chaperones, with essential roles 

including the maintenance of protein homeostasis, by assisting protein refolding, 

assembly, degradation, and transport across membranes (27ɬ30). Interestingly, 

throughout the living organisms several of these chaperones have been conserved (31ɬ

35) with many homologues found among E. coli, yeast, and humans.  

1.4.2. The crucial functions of molecular chaperones 

We have previously discussed that proteins are synthesized at the ribosome 

through a process called translation. As the proteins are gradually extruded at  the 

ribosome exit tunnel  they are in their nascent state. 2ÔÈÓÓɯ×ÙÖÛÌÐÕÚɯȹȀƕƔƔɯÈÔÐÕÖɯÈÊÐËÚȺɯ

can successfully fold after their release from the ribosome, and have relatively simple 
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folded -unfolded kinetics  (36). However, most proteins are larger in size and start fold ing 

before their release from the ribosome (36). In this case, proteins will fold co-

translationally, meaning protein folding will be  initiated while the nascent chain is still 

attached to the ribosome. In other cases, proteins will complete their folding after their 

release from the ribosome in mitochondria, the endoplasmic reticulum (ER), or the 

cytoplasm (8, 18). Since the protein folding process may not be completed after the 

protein is  released from the ribosome, parts of the protein will be left exposed  to the 

intracellular environment  for several cellular processes to take place. Apart from these, 

cells can be exposed to stressful conditions such as elevated temperatures and changes 

in the pH,  which will compromise  ÛÏÌɯ×ÙÖÛÌÐÕɀÚɯÍÖÓËÌËɯÚÛÙÜÊÛÜÙÌ, exposing parts of the 

protein  to the intracellular environment . In all cases, these segments of the polypeptide 

chain can be rich in hydrophobic  amino acids, which  when exposed result to 

unfavorable intra - and intermolecular interactions resulting to misfolding or aggregation  

(18, 37). In Figure 4, we show possible states of a protein, includin g various cases of 

protein folding, unfolding  and/or  misfolding, and aggregation. The unfavorable 

interactions of proteins in the intracellular environment can be especially detrimental for 

larger proteins, since as we mentioned in the energy landscapes theory, the proteins may 

fall into  kinetic traps  during their (re)folding  process. This can result to the formation of 

quasi-stable non-native conformations  (misfolding) and/or form ation of non-specific 

aggregates, and as a consequence can cause farther  degradation  of the proteins or 
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diseases. However, ÍÙÖÔɯÛÏÌɯÊÌÓÓɀÚɯÚÛÈÕË×ÖÐÕÛȮɯthe expressed proteins are crucial with 

many key functions ensuring cell viability . Therefore, inability  to produce stable native 

proteins can be detrimental to cells. Therefore, accumulation of non -native proteins 

severely compromises cell function and viability.  While proteins can lose their native 

conformation even under normal conditions  with e.g., spontaneous unfolding,  or after 

chemical modifications such as oxidation , it is during cells stress conditions when these 

effects become more prominent and damaging.  
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Figure 4: Various states of protein folding, misfolding and aggregation.  

Chaperones can act at various stages seen above to assist the proteins to (re)fold or to 

break down aggregates. Figure is from  reference (38) 
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Notably, there are many diseases directly related to protein misfolding and 

aggregation. Those include a lot of degenerative and neurodegenerative diseases related 

to protein misfolding, including  ÓáÏÌÐÔÌÙɀÚɯËÐÚÌÈÚÌȮɯ/ÈÙÒÐÕÚÖÕɀÚɯËÐÚÌÈÚÌȮɯ'ÜÕÛÐÕÎÛÖÕɀÚɯ

disease, CreutzfeldtɬJakob disease, cystic fibrosis, and &ÈÜÊÏÌÙɀÚɯËÐÚÌÈÚÌ (28, 38ɬ43). The 

significance of these diseases is better evaluated if we consider that  ÓáÏÌÐÔÌÙɀÚɯËÐÚÌÈÚÌɯ

is the cause behind 60-70% of dementia cases with nearly 10 million arising every year 

according to World Health Organization (WHO , link: https://www.who.int/news -

room/fact -sheets/detail/dementia). 

Therefore, cells have developed an entire arsenal of proteins called the molecular 

chaperones, with many in vivo and in vitro experiments over the years supporting their 

importance in both eukaryotes and prokaryotes (18, 37). There are many groups of 

chaperones, including heat shock proteins 70, heat shock proteins 90, trigger factor, 

chaperonins, nucleoplasmins and many more. Their function can be divided into 

foldases, disaggregases, translocases, assist transcription factors (37). Molecular 

chaperones have been shown to be beneficial in preventing proteins from misfolding  

and forming bigger aggregates at the earlier stages of protein  misfolding.  Additionally,  

they have been shown to break down the formation of  toxic protein  aggregates, which in 

some cases can be highly ordered, such as fibrils (44). Especially, it has been of great 

interest the potential of utilizing molecular chaperones in medicine (18).  
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Interestingly the majority of molecular chaperones have a basal level of 

expression, which is elevated under stress (37). Studies in which molecular chaperones 

were genetically deleted also strongly showed how their absence negatively effects cells 

(45). This is another indication of their  essential role in cellular growth and  viability  even 

under normal conditions . For example even under normal physiological conditions, the 

family of Hsp70 and Hsp60 chaperones assist in protein folding, protein translocation 

and possibly higher order of protein assembly (37). Similarly, the family of Hsp90 

chaperones have been shown to regulate transcription factors and protein kinases. For 

example, the expression levels of DnaK in E. coli at σχὅ under standard growth  

conditions  is approximately 50 ϟM in the cytosol with similar concentrations for GrpE, 

while DnaJ is about 10 times less (46). Under stress, e.g., heat shock of E. coli at τςὅ 

DnaK concentration increases 2 times after some minutes (47). 

1.4.3. E. coli chaperones 

In E. coli we can find the following chaperones: DnaK, DnaJ, GrpE, GroEL, 

GroES, trigger factor, and ClpB (18, 37, 48). These chaperones are usually co-operating 

and, therefore, are usually found in literature  grouped together. One of them is the GroE 

system with GroEL/GroES, and another is the DnaK/DnaJ/GrpE (K/J/E) system. In this 

study we focused on the DnaK, DnaJ, GrpE chaperones and we will be  describing the 

K/J/E system in more detail . 
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One of the most fundamental chaperones in nature is Hsp70. In E. coli the Hsp70 

chaperone is DnaK, along with its co -chaperone DnaJ and GrpE (46, 49, 50). Hsp70 has 

approximately 40% sequence identity between E. coli and humans (51). Its co-chaperone 

heat shock protein 40 (Hsp40), also referred to as DnaJ in E. coli, has a domain, referred 

to as J-domain, showing even higher sequence identity among organisms (33). Finally, 

GrpE, a nucleotide exchange factor (NEF), which has been studied along with Hsp70 

due to its contribution to its protein -protein interactions, has a range of 25 to 70% 

conservation among species (27, 52). Due to this great homology, studying the 

chaperone proteins in E. coli can provide important information on the function of these 

chaperone proteins in other organisms too. 

The K/J/E chaperone system is known to assist in the refolding of  a large group 

of substrate proteins. As previously stated, the protein folding problem of larger 

complex proteins is in many cases intertwined with the  molecular chaperones. 

Therefore, since early times people would perform experiments to examine how these 

chaperones assist the refolding process of their substrate proteins. The highly dynamic 

nature of these chaperones and their protein-protein interactions  has resulted in their 

protein rescue mechanism being very challenging to identify and observe  (53). 

Chaperone proteins usually display allosteric conformational changes, with many 

intermediate states when interacting with substrates, co-chaperones, and nucleotides, 

which are challenging to capture. This could also be stemming from the various 
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substrate proteins with different energy landscapes. Despite these challenges scientists 

over the years have utilized various methods to try and identify potential intermediates 

of this chaperone system.  

Biochemical methods (54ɬ57), protein structure determination ( X-ray 

crystallography , NMR , Cryo-EM) (27, 58ɬ63), single molecule studies (Single molecule 

force spectroscopy (SMFS)) (64ɬ67), and single-pair fluorescence resonance energy 

transfer (spFRET)  (68) assisted in identifying the significance of every protein in this 

system. The consensus is that DnaJ, a Hsp40, initially binds to the substrate proteins that 

are partially or fully unfolded (69). Then, the DnaJ bound substrate is transferred to the 

ATP-bound DnaK (54, 68, 70). Both DnaJ and the substrate trigger ATP hydrolysis, 

which is followed by disassociation of DnaJ from the complex  (58, 70). Many studies 

have shown a variety of conformational changes occurring on DnaK, before and after 

ATP hydrolysis, signifying a highly complex system (54, 68, 71). GrpE, a nucleotide-

exchanger for DnaK, then binds to the DnaK·ADP·substrate complex, releasing the 

ADP, causing a reverse conformational change to DnaK and release of the substrate. 

This allows new ATP to bind to DnaK, resulting  to the initiation of a new cycle, and the 

overall process to continue for many rounds until the substrate proteins are fully folded 

(72). Additionally, m any studies have shown that DnaJ and DnaK have a preference for 

short sequences containing hydrophobic residue s (73, 74) and prediction algorithms  
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have been generated (75) that are able to identify potential  DnaK-binding motifs in  

substrate proteins. 

One of the suggested cycle of the K/J/E chaperone system is shown in Figure 5, 

with m any literature papers showing a diagram very similar to this.  

 
Figure 5. Demonstration of the suggested DnaK , DnaJ, and GrpE chaperone 

cycle in refolding of non -native proteins.  DnaJ initially interacts with the protein, 

transferring it to DnaK (ATP -bound state). ATP hydrolysis is triggered by DnaJ with 

an allosteric effect on DnaK allowing the non -native protein to be tightly bound to 

DnaK. GrpE catalyzes ADP to ATP exchange releasing the protein which either goes 

through  another cycle or proceeds to the GroEL system (68). 

However, as recently as 2021 scientists identified a new possible state of DnaK 

allosteric cycle that is not reflected in the schematic above seen in Figure 6. This recent 

finding further emphasizes how challenging and strongly dynamic th e K/J/E chaperone 

system is and how identifying small changes is extremely difficult . At the same time, it 

shows how even though this system has been studied for many decades up till now, 
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many parts of this chaperone system, which is crucial in  refold ing proteins, are still 

unknow n. 

 

Figure 6: Suggested allosteric changes to DnaK  during its ATP, ADP, and 

unbound state. The substrate protein is represented as  a red dot. The figure is from 

reference (71). 

Furthermore, biochemical studies have elucidated some stoichiometry 

relationship among the chaperones. Firstly, it appears that there is a preferred 2:1 

GrpE:DnaK stoichiometry (76). As far as DnaJ is concerned, due to the NMR  structure 

obtained in 2019, a dimer is highly  possible to be the contributing one to the mechanism 

(59). Lastly, for DnaK the opinions differ. Interestingly it has been shown that DnaK at 

high concentrations of 50 ϟM forms dimers and oligomers (76). Despite the fact DnaK 

forms dimers in its crystal structures, some groups claim these dimers are not 

contributing to the mechanism, given how dimerization was weak in solution with Ὧ of 
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0.9 mM (28). Also, another group supports DnaK dimers are not a physiologically 

relevant state based on the fact DnaK is mostly monomeric at 50 ϟM (29). However, 

another group found these dimers functional by asserting the importance of DnaK 

dimers during the initial interactions of DnaK with DnaJ, supporting the DnaK dimer is 

dissociated after the initial interaction, resulting to stable DnaK and DnaJ i nteractions 

following the dissociation (30, 77). 

Moreover, while  DnaK, DnaJ, and GrpE are believed to assist up to 700 proteins 

in the E. coli cytosol (78, 79), so far only a small number of substrates, such as firefly 

luciferase (Fluc) (56, 68), proPhoA (54, 59, 60), Ϧ32 (80), maltose binding protein (MBP) 

(59), ubiquitin (81), Protein L (82), titin I91 domain (81, 83), and malate dehydrogenase 

(MDH)  (84), have been directly used for studying the mechanism of this chaperone 

system. This smaller and not as diverse library of distinct substrates  does not represent 

the various protein structural characteristics, and folding, as well as misfolding 

pathways and may be reflecting only part of  the overall  model of DnaK mechanism. 

Many of these substrates were small peptides11, and many studies involved fragments of 

proteins or full sequence of proteins. 

Finally, structures of these chaperones have been resolved, which has 

significantly contributed to pushing forward the field  in understanding key amino acids 

 

11 Peptides are sequences with less than 50 amino acids. 
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in the chaperone-substrate interactions and also elucidate conformation al changes. 

Specifically, DnaK consists of two domains, the N -terminal nucleotide binding domain 

(NBD, 42kDa) and the C-terminal substrate binding domain (SBD, 25kDa). The SBD is 

subdivided into a ϕ-ÚÏÌÌÛɯȹ2!#ϕȺȮɯÞÐÛÏɯÛÏÌɯÚÜÉÚÛÙÈÛÌɯÉÐÕËÐÕÎɯ×ÖÊÒÌÛȮɯÈÕËɯÈɯÓÈÙÎÌɯÈ-

helical domain (SBDϔ), which is suggested to act as a lid locking the protein peptide in 

place. Both SBD and NBD are connected through a linker, which is also conserved 

through species (29).  As previously mentioned DnaK undergoes allosteric changes in its 

conformation during the chaperone cycle. Two structures have been resolved and 

shown in Figure 7. For DnaK, the ADP-bound DnaK was initially resolved in 2009 (PDB 

2KHO) (63), followed in 2012 with the crystal structure of the entire ATP -bound DnaK 

structure (PDB 4B9Q) (29) with the full length DnaK bound to the J -domain of DnaJ 

structure in 2018 (PDB 5NRO) (58). 

 
Figure 7: DnaK structures in the ATP (PDB code 4B9Q) and ADP  (PDB code 

2KHO ) bound states. We used rainbow coloring depiction in  UCSF Chimera to depi ct 

the amino acids . 

Additionally, there is still no full crystal structure of the E. coli DnaJ, but recently 

in 2013 a 38% Hsp40 homologue of E. coli DnaJ from Thermus Thermophilus was resolved 
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(PDB 4J80) (59). For GrpE its crystal structure bound to DnaK has been known since 1997 

(PDB 1DKG) (27). DnaJ structures is shown in Figure 8. 

 
Figure 8: DnaJ dimer (PDB code 4J80). Rainbow coloring in UCSF Chimera 

program  was used based on the amino acid sequence. 
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2. Experimental background 

Parts of this chapter were taken and combined from my following publications 

or in revision manuscript  (85, 86): 

 Y. Ding, D. Apostolidou Ȯɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁMechanical Stability of a Small, 

Highly -Luminescent Engineered Protein NanoLucɂȮɯ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ)ÖÜÙÕÈÓɯÖÍɯ,ÖÓÌÊÜÓÈÙɯ

Sciences 22 (1), 55 (2021) 

D. Apostolidou,  /ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022) 

ɁTandem repeats of highly bioluminescent NanoLuc are refolded noncanonically 

by the Hsp70 machineryɂɯ 

2.1. Bioluminescence 

Bioluminescence was initially discovered around 500 BCE with the observation 

of light production and emission from a living organism  (87). Since then, this 

phenomenon has been explored extensively.  

In general, the term bioluminescence is a type of chemiluminescence which is 

used to describe the light produced by a chemical reaction within living organism s. 

These ultimately require an enzyme to catalyze th e chemical reaction (88). In 1667 Boyle 

identified the significance of oxygen in the production of the emitted light by using a 

vacuum pump to remove air. This resulted to a massive reduction of the 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
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bioluminescence, which was rapidly recovered when air was re -introduced to the 

system (87). Later on, and despite lacking understanding of any compounds and 

pathways in bioluminescent reactions, Harvey (1932) suggested the connection of 

bioluminescence and cell respiratory mechanism, introducing the concept of a hydrogen 

acceptor whose oxidation gives the required energy to excite a compound (87). Despite 

this common trait, luciferases (enzymes) and luciferins (substrates) are found in greatly 

distant phylogenetically systems, with distinctly different reactions all of which are 

exergonic (87, 88). It is estimated that bioluminescence has evolved independently up to 

30 times (87, 88). Now it is known that all luciferases are oxygenases, which require an 

oxygen molecule to react with a substrate to produce a product (P). This reaction is 

catalyzed by the luciferases as seen in the chemical equation below. The product 

molecule is initially in an electronically excited state  ( ὖᶻ), and the difference between 

its two states (excited and ground) results in the emission of a photon related to the 

energy difference of the two states. These photons have energies in the visible light 

spectrum, e.g., ~250 kJ per mole for green light (~500nm) (88). For reference ATP to ADP 

hydrolysis is about eight times less than this 30.5 kJ per mole.  

ὰόὧὭὪὩὶὭὲὕ ựựựựựự ὖᶻᴼὖ Ὤὺ 

The color of bioluminescence is affected by several factors (87, 88). Some of them 

include the structure of the enzyme, as it has been reported that mutations of the key 

residues at the enzyme-substrate binding interface can alter the emitted light  (88, 89), 
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along with the structure of the substrate (87). Additionally, the bioluminescence can be 

emitted continuously or in flashes of 0.1-1 s (88). Another interesting fact is the short 

lifetime of the ὖᶻ state of no more than a few nanoseconds before the photon release 

(88). This short time makes the excited intermediate hard to distinguish. Preceding 

processes before the formation of the ὖᶻ  are usually longer than nanoseconds time 

scale. 

With the advancement of protein engineering , physics, and synthetic chemistry 

the applications of bioluminescence in various fields of science has been expanding. 

Now , bioluminescence reactions are common in studies of protein -protein interaction s, 

genomics, drug discovery, drug delivery, cell and tissue imaging of living organisms, 

hygiene controls and more (90). 

The collection and quantification of the  bioluminescent signal from  in vitro  

protein reactions is achieved with the use of luminometers . The basis of these devices is 

the amplif ication and measurement of the light on the detector over a period of time, in 

our case integration time was 10 sec, the maximum time allowed by our device 

(GlowMax 20/20 Luminometer  by Promega company, product number E5311).  

2.2. NanoLuc protein 

Parts of this chapter were taken and combined from my following publications 

or in revision manuscript  (85, 86): 
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Y. Ding, D. Apostolidou,  /ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁMechanical Stability of a Small, 

Highly -Luminescent Engineered Protein NanoLucɂȮɯ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ)ÖÜÙÕÈÓɯÖÍɯ,ÖÓÌÊÜÓÈÙɯ

Sciences 22 (1), 55 (2021) 

D. Apostolidou,  /ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022) 

 ɁTandem repeats of highly bioluminescent NanoLuc are refolded 

noncanonically by the Hsp70 machineryɂɯ 

Up till now it is known that bioluminescence can be produced in bacteria, 

fireflies, d inoflagellate and coelenterates (87, 88). Every group  has a its own distinct  

proteins (enzymes) that catalyze reactions with their specific luciferins (substrates) to 

produce light . One of the most studied proteins is firefly luciferase (Fluc) with known X-

Ray crystal structure (91). Other popular bioluminescent proteins are Renilla Luciferase 

(RLuc), Gaussia luciferase (GLuc), Oplophorus luciferase (OLuc), click beetle and 

railroad worm  (92, 93). Recently in 2012 a new luciferase was engineered by Promega, 

which was  originated from  a small subunit of the deep sea shrimp Oplophorus 

luciferase (OLuc) (92, 94ɬ98). This subunit , which is the catalytic domain of OLuc  (92) 

referred to as OLuc19, is bioluminescent. It has been shown that this bioluminescence 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
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reaction is ATP independent and uses coelenterazine12 (substrate) (92, 94ɬ96, 99) to 

produc e a blue light, used by the shrimp as a self-defense mechanism against predators. 

Since OLuc19 was unstable and aggregated when expressed in E. coli cells (98), various 

steps of amino acids mutations and substrate optimization were performed to stabilize 

this 19 kDa subunit. The result was NanoLuc (Nluc ). Even without those mutations, the 

Nluc is quite unique among known proteins, having little homology to other 

bioluminescent proteins  (100). However,  Nlucɀs distinct 3D structure (PDB code 5IBO, 

Figure 9b) bares a strong resemblance to that of intracellular lipid binding proteins 

(iLBPs) (94, 100) , whose fold is highly conserved despite their low (20%) sequence 

similarity (101). -ÓÜÊȮɯÓÐÒÌɯÐ+!/ÚȮɯÏÈÚɯÈÕÛÐ×ÈÙÈÓÓÌÓɯȿϕ-ÊÓÈÔÚɀɯÓÐÒÌɯϕ-strand barrel structure 

that are arranged in a nearly orthogonal orientation. Also, like iLBPs Nluc has a large 

solvent-filled cavity in the center of its barrel. However, unlike iLBPs, Nluc has three 

additional helices (marked in Figure 9a as a0, aIII and aIV consistent with the iLPBs 

nomenclature) along with an additional small ϕ-ÚÏÌÌÛɯȹÔÈÙÒÌËɯ#ɀɯÐÕɯ%ÐÎÜÙÌɯ9a). 

Additionally, overlapping the structure of Nluc and that of a known iLBP ( look 

Appendix A fo r more details), it is evident that in Nluc the aII helix is displaced, so that 

it is now parallel to the aIII helix rather than the aI helix as seen in iLBPs, which is 

probably in order to accommodate for the extra ϕ-sheet and helices found in Nluc (100). 

 

12 Coelenterazine is an imidazolopyrazine  commonly found in  marine organisms (88). 
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Additionally, unlike iLBPs, Nluc is continuously hydrogen bonded with the ϕD and ϕE 

sheets forming hydrogen bonds (look Appendix A for more details ). Most importantly, 

in Nluc, like iLBPs, the ϕA strand has a unique twist allowing it to form H -bonds with 

both ϕB and ϕJ (as seen in Figure 9 colored in dark blue), which seems to stabilize this 

protein structure (101). 

 

Figure 9: Nluc protein (2D Topology and crystal structure).   

 (a) 2D topology of Nluc protein (adapted from PBDSum) and (b) 3D structure of Nluc 

from X -Ray experiments (PDB code 5IBO) in rainbow depiction (N -terminus is 

colored blue and C -terminus is colored red).  We also did a Ј rotation of the protein 

in order to show the N - to C-terminus distance. The gold sticks and balls show the 

decanoic acid and water molecules nearby which were part of the PDB file and were 

present during the X -Ray crystallography experiments. The decanoid acid is used here 

as a model of where furimazine would be interacting with Nluc.  

Interestingly, and likely due to this scarcity of similar sequences and available 

structural motives, AlphaFold 2 failed to predict Nluc 3D structure, even though it is 

represented by 5IBO code in the PDB database. 
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At  the same time, search for a new superior substrate was initiated by Promega. 

3ÏÌÐÙɯÈÛÛÌÔ×ÛÚɯÙÌÚÜÓÛÌËɯÛÖɯ-ÓÜÊɀÚɯÚÜÉÚÛÙÈÛÌȮɯÍurimazine  (92, 94ɬ96, 99, 102ɬ109). In Figure 

ƕƔɯÞÌɯÚÏÖÞɯ-ÓÜÊɀÚɯÉÐÖÓÜÔÐÕÌÚÊÌÕÊÌɯÙÌÈÊÛÐÖÕȭ 

 

Figure 10: NanoLuc bioluminescence reaction.  Figure is from reference (85). 

Despite its recent development, Nluc has already had numerous applications in 

molecular and cellular biology (85, 94, 95, 99, 102ɬ115). Although other bioluminescent 

probes were available at that time, including widely used Fluc and Rluc , Nluc has 

several important advantages, such as a smaller size, greatly increased brightness and 

significantly increased structural and enzymatic stability (94, 95, 102ɬ107, 109). Nluc 

produces 150 times brighter bioluminescence signal than Fluc and Rluc and is 

chemically and thermally robust as a monomer  (116). 

2.2.1. Protein engineering 

Parts of this chapter were taken and combined from my following publications 

or in revision manuscript  (85, 86) 
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Sciences 22 (1), 55 (2021) 

D. Apostolidou Ȯɯ/ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022) 

ɁTandem repeats of highly bioluminescent NanoLuc are refolded noncanonically 

by the Hsp70 machineryɂɯ 

In this  work  various protein constructs were developed in order to study -ÓÜÊɀÚɯ

mechanical and thermal stability . -ÓÜÊɀÚɯÚÛÙÜÊÛÜÙÌ obtained from X-Ray crystallography 

measurements is provided in in the PDB website with access number 5IBO (94). This file 

ÞÈÚɯÜÚÌËɯÛÖɯÈÊØÜÐÙÌɯÛÏÌɯ×ÙÖÛÌÐÕɀÚɯÊÖËÐÕÎɯÚÌØÜÌÕÊÌɯÍÙÖÔɯ(ÕÛÌÎÙÈÛÌËɯ#- ɯ3ÌÊÏÕÖÓÖÎÐÌÚɯ

Inc. (IDT, Research Triangle Park, NC, USA). In the PDB file the first amino acid is 

methionine, resulting in a total of 171 amino acids. We opted to keep the methionine 

from the PDB file in our sequence since a) it is part of the PBD file used in the 

simulations  mentioned later  and b) we wanted to make sure a methionine was ahead of 

the protein for generating future constructs.  Two main vectors13 were used to create the 

 

13 In molecular biology, t he term vector is used to describe a molecule that carries foreign DNA into another 

cell. Similarly, p lasmids are extra-chromosomal, circular, double -stranded, and self-replicating DNA 

molecules naturally found in bacterial cells. While both have similarities, the term vector  is more generic 

and consists of four categories: viral vectors , plasmid vectors, cosmids and artificial chromosomes. For 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
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protein construct s, pET-15b and pRSETa (85, 86, 117, 118). Initially, the plasmid 

developed by Dr. Zackary Scholl  during his PhD  in #Ùȭɯ/ÐÖÛÙɯ,ÈÙÚáÈÓÌÒɀÚɯÓÈÉɯÞÈÚɯÜÚÌËɯ

as a template for the Ὅωρ ὔὰόὧὍωρ protein construct. pRSETa vector was used to 

generate the original plasmid  Ὅωρ ὊὰόὧὍωρ (Fluc, PBD code 1BA3), mentioned in 

previous works (118, 119). This was subjected to further cloning with the removal of the 

first I91 (at the N-terminus of the protein) , which was replaced by an AviTag  (120), and 

the removal of the Fluc and its replacement by the Nluc linear sequence obtained by 

IDT. Existing restriction enzymes in the original Ὅωρ ὊὰόὧὍωρ plasmid neighboring 

the Fluc sequence, were used to introduce Nluc, which already had the restriction sites 

present from IDT . This resulted to Ὅωρ ὔὰόὧὍωρ protein construct (tags not 

included in naming ). This cloning was performed by Dr. Eric Josephs, who was a 

×ÖÚÛËÖÊɯÈÛɯÛÏÈÛɯÛÐÔÌɯÐÕɯ#Ùȭɯ,ÈÙÚáÈÓÌÒɀÚɯÓÈÉ.  

All other constructs were generated with the assistance of GenScript Biotech 

(Piscataway, NJ, USA). pET-15b vector was used by Dr. Zackary Scholl during his PhD 

to generate the pEMI91 plasmid , previously reported (117), which has nine I91 domains 

with codon shuffling to allow sequencing of the full plasmid . For monomeric, dyad, and 

triad Nluc, all nine I91 were removed and one, two or three Nlucs were added, 

respectively, while keeping the two purification tags in the original pEMI91 plasmid  

 

simplicity we will use the term plasmids in this work referring to plasmid vectors  that we introduce to 

bacterial cells. 
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(117). In all three constructs one of the Nlucs was identical at the DNA level, while 

codon shuffling was performed by GenScript Biotech to differentiate the other Nlucs in 

the dyad and triad Nluc constructs. This was done to allow successful sequencing of the 

constructs. 

 For Ὅωρ ὔὰόὧὍωρ the third to seventh I91 were removed and three Nlucs 

were added between the second I91 and eighth I91 (according to the initial pEMI91 

plasmid). For ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ, the Ὅωρ ὔὰόὧὍωρ 

plasmid was used. Cloning was performed to relocate the second and third Nlucs from 

Ὅωρ ὔὰόὧὍωρ between the first and second I91 and the eighth and ninth I91, 

respectively. Comparison of the protein sequences and their relative relationships 

among the various constructs can be seen below: 

 

Figure 11: Detailed description of protein sequence for poly -protein constructs.  

 Sequence of protein constructs for monomeric, dyad, and triad Nluc  along with 

╘ ╝■◊╬╘ , ╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘ , ╘ ╝■◊╬

╘  and pEM I91 protein constructs.  All constructs have starting from the N -terminus 

a His-Tag, a thrombin site, the Nluc sequence, and a StrepTag II. For ╘ ╝■◊╬

╘  construct there is, starting from the N -terminus, a HisTag, an AviTag, the Nluc 

sequence.  
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 All plasmids mentioned above , apart from Ὅωρ ὔὰόὧὍωρ, had T7 promotor, 

followed by a 6HisTag, a thrombin site, the sequence mentioned, a StrepTagII, two 

cysteines, and a T7 terminator. All proteins were separated by a 4-5 residue linker . 

Similarly, for Ὅωρ ὔὰόὧὍωρ, the protein plasmid started with a T7 promoter, 

followed by a 6HisTag, the AviTag, the sequence mentioned, two cysteines, and the 

same T7 terminator as in the other constructs. All construc ts mentioned in this study had 

two Cysteines at the C-terminus . This was done for the single molecule force 

spectroscopy experiments, for which the sample is placed onto a gold surface. The goal 

is to non-specifically allow the thiol groups in the cysteines at the C-terminus of the 

protein to form bonds with the g old surf ace. Finally, all plasmids had ampicillin  

resistance for purification purposes.  

2.2.2. Protein purification 

Parts of this chapter were taken and combined from my following publications 

or in revision manuscript  (85, 86) 

Y. Ding, D. Apostolidou, P.E.  ,ÈÙÚáÈÓÌÒȮɯɁMechanical Stability of a Small, 

Highly -Luminescent Engineered Protein NanoLucɂȮɯ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ)ÖÜÙÕÈÓɯÖÍɯ,ÖÓÌÊÜÓÈÙɯ

Sciences 22 (1), 55 (2021) 

#ȭɯ ×ÖÚÛÖÓÐËÖÜȮɯ/ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022)ɂ 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
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 Ɂ3ÈÕËÌÔɯÙÌ×ÌÈÛÚɯÖÍɯÏÐÎÏÓàɯÉÐÖÓÜÔÐÕÌÚÊÌÕÛɯ-ÈÕÖ+ÜÊɯÈÙÌɯÙÌÍÖÓËÌË 

ÕÖÕÊÈÕÖÕÐÊÈÓÓàɯÉàɯÛÏÌɯ'Ú×ƛƔɯÔÈÊÏÐÕÌÙàɂɯ 

For protein expression we used BL21-Gold (DE3) competent cells (Agilent , Santa 

Clara, CA, USA). After transformation  with the heat -shock method following 

manufacturerɀs instructions. Single colonies were picked from agar plates to grow into 

starter cultures that were later transferred into 500 mL (37 °C). LB media was used in 

every step with ampicillin for antibiotic resistance. When each 500 ml bacterial culture 

reached OD of 0.8, it was brought down to room temperature and indu ced with 1 mM 

Isopropyl ϕ-D-1-thiogalactopyranoside (IPTG) for 3 h. Cells were collected by 

centrifugation at 4000 rpm for 30 min. The cell pellet was resuspended in 5 mL 

resuspension buffer (50 mM NaH 2PO4/Na2HPO4 pH 8, 300 mM NaCl, and 20 mM 

imidazole), followed by immediate flash freezing in liquid nitrogen and stored in -80 °C 

until purification.  

All cells were lysed on ice by addition of 20 mL of lysis buffer  (50 mM 

NaH 2PO4/Na2HPO4, 300 mM NaCl, 20 mM imidazole at pH 8.0, protease inhibitor 

cocktail EDTA-Free, 1 mg/mL lysozyme, 3 units/mL Benzonase, 1 mM DTT, and 0.5% 

Triton X -100). Gravity flow columns were used for all six protein constructs for binding 

of the His-Tag of the proteins to the Ni -NTA Agarose (Qiagen, Germantown, MD, USA ). 

Further purification was occasionally performed using size exclusion chromatography 

(SEC) Superdex 200 Increase 10/300L column and the ÄKTA chromatography system  
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(GE Healthcare, Chicago, IL, USA). All buffers  during purification  were according to the 

guidelines of the manufacturer s (Qiagen and GE Healthcare). The purified Nluc was 

dialyzed using SnakeSkin Dialysis Tubing (ThermoFisher Scientific , Waltham, MA, 

USA) in Buffer A  (25 mM HEPES, 100 mM KCl, 1 or 2 mM DTT) and flash frozen at Ḑ1 

mg/mL ready for experiments.  In some cases, proteins were concentrated, and buffer 

exchange was performed using Amicon Ultra Centrifugal Filters of various molecular 

weight cut-off (MWCO) depending on the protein size, usually aiming the cutoff to be 

below half the MW of the protein.  For the triad Nluc we also recently perform ed 

StrepTag purification using magnetic beads from IBA Lifesciences (Göttingen, 

Germany).  

E. coli chaperones #ÕÈ*Ȯɯ#ÕÈ)Ȯɯ&Ù×$ɯÞÌÙÌɯ×ÜÙÐÍÐÌËɯÐÕɯ#Ùȭɯ0ÐÕÎÓÐÈÕɯ+ÐÜɀÚɯ

laboratory following procedures described before (77) and shipped on dry ice from VCU 

to Duke University, where they were stored at -80 °C until use. 

2.2.3. Bioluminescent Assays of Nluc 

Parts of this chapter were taken and combined from my following publication or 

in revision manuscript : 

Y. Ding, D. Apostolidou, P.E.  ,ÈÙÚáÈÓÌÒȮɯɁMechanical Stability of a Small, 

Highly -Luminescent Engineered Protein NanoLucɂȮɯ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ)ÖÜÙÕÈÓɯÖÍɯ,ÖÓÌÊÜÓÈÙɯ

Sciences 22 (1), 55 (2021) 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
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#ȭɯ ×ÖÚÛÖÓÐËÖÜȮɯ/ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022)ɂ 

Ɂ3ÈÕËÌÔɯÙÌ×ÌÈÛÚɯÖÍɯÏÐÎÏÓàɯÉÐÖÓÜÔÐÕÌÚÊÌÕÛɯ-ÈÕÖ+ÜÊɯÈÙÌɯÙÌÍÖÓËÌËɯÕÖÕÊÈÕÖÕÐÊÈÓÓàɯ

ÉàɯÛÏÌɯ'Ú×ƛƔɯÔÈÊÏÐÕÌÙàɂɯ 

All purified engineered constructs displayed bright bioluminescence signal  (see 

Figure 12). For all bioluminescence measurements, we used Nano-Glo Luciferase Assay, 

including N lÜÊɀÚɯÚÜÉÚÛÙÈÛÌɯÍÜÙÐÔÈáÐÕÌȮɯÍÙÖÔɯÛÏÌɯ/ÙÖÔÌÎÈɯÊÖÔ×ÈÕàɯȹ,ÈËÐÚÖÕȮɯ6(ȮɯUSA) 

and followed manufacturer instructions.  Promega company provides both the 

furimazine and the reaction buffer in two separate containers. According to the user 

manual, the assay reagent needs to be freshly prepared  prior to every experiment  by 

mixing 50 volumes of Nano -Glo Luciferase Assay Buffer with one volume of Nano -Glo 

Luciferase Assay Substrate. This was later used to measure bioluminescence using 

GlowMax 20/20 Luminometer (Promega company, E5311). 
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Figure 12: Bioluminescence of 50  ϟL 206 nM ╘ ╝■◊╬╘  in Buffer A  

after mixing with 50 ϟL Nano-Glo Luciferase Assay Buffer.  

The assay buffer contains N luÊɀÚɯÚÜÉÚÛÙÈÛÌȮɯÍÜÙÐÔÈáÐÕÌȭɯȹImaged by mobile phone)  

(85). 

For all bioluminescence measurements 50 ϟL of the protein at the reported 

concentrations were mixed with 50 ϟL of the assay reagent. The 100 ϟL of reaction was 

allowed to equilibrate for 3 min  before collecting the bioluminescence signal, following 

ÔÈÕÜÍÈÊÛÜÙÌÙɀÚ instructions .  

For the chaperone assisted refolding bioluminescence assays of monomeric, 

dyad, and triad Nluc proteins we developed a protocol closely following other previous 

chaperone assisted refolding protocols on Fluc (68).  

The various Nluc constructs at 100 nM were thermally denatured at  υψὅ in 

Buffer B (25mM HEPES pH 7.5, 100mM KCl, 2mM DTT, 0.05% T20). Spontaneous 

refolding was initiated by 10 -fold dilution of the denatured proteins in refolding Buffer 

C (25mM HEPES pH 7.5, 100mM KCl, 2mM DTT, 0.05% Tween 20, 5mM ATP, 10mM 
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Mg(OAC) 2). Chaperone assisted refolding was initiated by 10 -fold dilution of the 

proteins in Buffer C already including DnaK, DnaJ, GrpE at the reported concentrations 

per experiment. Additionally, various concentrations of BSA (Bio -Rad Laboratories) 

were added in Buffer C with or with out chaperones in order to study the effects of 

crowding on protein renaturation. All refolding reactions were performed at room 

temperature. Bioluminescence (BL) measurements at different time points were collected 

by doing a 10-fold dilution (1nM of prot ein) of the refolding reactions (spontaneous or 

chaperone assisted) in Buffer B due to high BL signal at 10 nM of the proteins. The 

diluted 1nM protein solution (50 ϟL) was combined with 50 ϟL of Nano-Glo Luciferase 

Assay (Promega Company) and the reaction was allowed to equilibrate for 3  min, as per 

manufacturer instructions, prior to collecting the BL value. All BL measurements were 

conducted using GlowMax 20/20 Luminometer with 10 sec of averaging (Promega 

Company, model E5311).  

Apart from Nluc constructs, we also performed chaperone assisted refolding of 

Fluc (QuantiLum Recombinant Luciferase, Promega Company) that served as controls 

and benchmark measurements for Nluc experiments. For these experiments, 80 nM of 

Fluc together wi th 3 ϟ  ͍DnaK, 1 ϟ  ͍DnaJ were heat shocked at τςὅ in Buffer C (no 

T20 added) with later addition of 3 ϟM GrpE whenever mentioned. For BL signal at 

various timepoints, 5 ϟL of Fluc and chaperones sample was mixed with 50 ϟL of 

Luciferase (Luciferase Assay System E1500, Promega Company). BL signal was 
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immediately collected (following manufacturers guidelines) using the same 

luminometer as for Nluc constructs with same 10 sec averaging time. 

Collected curves for chaperone assisted refolding were fitted using the ώ

ώ ρ Ὡ  equation. Similarly, we fitted the thermal denaturation curves using the 

ώ ώ ὥὩ  , since the 2 parameter equation did not accurately fit the data. In both 

cases SigmaPlot program was used for data analysis. 

2.3. Atomic Force Microscopy (AFM)-based Single Molecule 
Force Spectroscopy (SMFS) 

2.3.1. Historical background on AFM-based SMFS 

Gerd Binnig  and Heinrich Rohrer are considered the fathers of scanning 

tunneling microscopy (STM).  Their invention took place in 1981 while both were 

working at IBM, and it  lead to both of them winning  the Nobel prize in physics in 1986. 

In 1985, Binning, Gerber, and Quate invented the atomic force microscopy (AFM)  to 

overcome limitations found in STM by broadening the spectrum of materials to be 

imaged, such as polymers, ceramics, composites, glass, and biomolecules. Since then, 

AFM  has been extensively used in biology (121). Whil e AFM was initially used for 

imaging surface topographies of samples, such as cells and proteins, with nanoscale 

resolution, it further advance d in examining the force extension of molecules such as 

DNA and sugars  (122). The latter method is called atomic force microscopy (AFM) -

based Single molecule force spectroscopy (SMFS). AFM-based SMFS, is one of the three 
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main methods of SMFS along with optical tweezers  (123) and magnetic tweezers (124). 

The basis of all of these three methods relies on the elasticity of biomacromolecules as 

we will discuss below.  

2.3.2. Introduction to protein elasticity 

In Chapter 1 we introduced the term macromolecule to describe DNA and 

proteins. However, macromolecules in biology are not limited to nucleic acids (e.g., 

DNA) and proteins, but also include carbohydrates and lipids.  From a physics and 

chemistry perspective proteins are biopolymers that fall under the bigger family of 

macromolecules. In 1920 Staudinger was the first to propose the hypothesis of 

macromolecules. He defined polymers as molecules that are made of elementary units, 

called monomers, which  are covalently bonded.  In the case of proteins, they are 

polymers of amino acids, which we also mentioned in Chapter 1.    

In Chapter 1 we also introduced the primary protein structure, which consists of 

a linear amino acids sequence covalently bonded. This is also known  as the polypeptide 

chain. In an ideal case these ÈÔÐÕÖɯÈÊÐËÚɯȹÔÖÕÖÔÌÙÚȺɯËÖÕɀÛɯÐÕÛÌÙÈÊÛɯÞÐÛÏɯÌÈÊÏɯÖÛÏÌÙȮɯ

however in reality the monomers interact with each other and the buffer surrounding 

them. These interactions make the proteins re-orient themselves in space by rotations. In 

1963 RamachandranɀÚɯÞÖÙÒɯËÌÔÖÕÚÛÙÈÛÌËɯÛÏÈÛɯÛÏÌɯ×ÖÓà×Ì×ÛÐËÌɯÊÏÈÐÕɯÐÚɯÕÖÛɯlinear, but 

there are three torsion angles (125). Those reflected the rotation of the bonds in the 

polypeptide chain. The first one is formed between the central carbo (ὅ) and the 
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nitrogen of the amino group, called the ϯ (phi) angle. The second one is formed between 

the central carbon (ὅ) and the carboxyl group, called the ϫ (psi) angle. Lastly, the third 

angle is between the carboxyl group of the n-th amino acid and the amino group of the 

(n+1)-th amino acid, called the Ϭ (omega) angle. These angles essentially determine the 

folding of proteins.  

Apart from the torsion angles, t he contour length ὒ  is characteristic of the 

polypeptide chain and it is defined as the maximum physically possible extension of the 

end-to-end distance of the chain. This end-to-end distance is usually found in a  compact 

instead of an extended form . This compact state is achieved by the proteinɀÚ backbone 

rotat ion and bending to form its secondary structures by reorient ing itself. This shape 

ends up having an approximate radius , the radius of gyration Ὑ , which is a way to 

measure the degree of compactness of the polypeptide chain.  

2.3.3. The worm-like chain (WLC) model  

For most proteins, as in polymers , the final polypeptide chain  can be described 

as a model chain. Common models used to describe biopolymers are the freely jointed 

chain (FJC) and the freely rotating chain  (FRC) models. A subcategory of the FRC model 

is the worm -like chain (WLC) model. In literature , WLC model is used for proteins, 

while FJC model is used for DNA and sugars. 

A characteristic feature of the WLC model is the persistence length. An easy way 

to understand the persistence length is to consider the polypeptide chain as a 
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semiflexible continuous rod. The persistence length p is a way to measure the local 

stiffness of this chain. In other words the persistence length is the smaller length above 

which the polypeptide  chain can be curved, which can be considered a single peptide 

unit  (126). Below the persistence length the polypeptide chain behaves like a rigid rod. 

Most proteins have relatively flexible polymer behavior with persistent length in the 

order of a nm. For reference, the bond distances among the central carbon and the 

carboxyl and amino groups along with the peptide bond among the various amino acids 

fall in the 1.32-1.51 Å, therefore usually the persistence length consists of a few amino 

acids in length.  

Optical tweezer SMFS experiments performed by Bustamante  in 1994 on DNA 

were pivotal since they allowed him to deduce the empirical mathematical relationship 

describing the WLC model which has been broadly used over the years (127). This 

interpolation formula  is given below: 
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where Ὧ  ÐÚɯ!ÖÓÛáÔÈÕÕɀÚɯÊÖÕÚÛÈÕÛȮɯὝ is temperature, ὴ is the persistence length, ὼ is the 

extension of the molecule, and ὒ is the contour length. The experiments are usually run 

at room temperature therefore Ὕ ςωψ ὑ and Ὧ ρȢσψπφτυς ὼ ρπ  ὐὑ , therefore 

Ὧ4 τȢρρτ Ð.ϽÎÍ, since ρὐ ρὔϽά. 
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2.3.4. AFM-based SMFS experiments 

Parts of this chapter were taken and combined from my following publications 

(85, 86). 

Y. Ding, D. Apostolidou, P.E.  ,ÈÙÚáÈÓÌÒȮɯɁMechanical Stability of a Small, 

Highly -Luminescent Engineered Protein NanoLucɂȮɯ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ)ÖÜÙÕÈÓɯÖÍɯ,ÖÓÌÊÜÓÈÙɯ

Sciences 22 (1), 55 (2021) 

D. Apostolidou Ȯɯ/ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022) 

In order to examine the elastic features of proteins we would need to somehow 

apply a force on them. One of the techniques used to mechanically stretch proteins is 

AFM -based SMFS. This technique has been used to examine both the force-extension 

behavior of proteins , along with the  unfolding and refolding equilibrium of proteins . 

The set up used here was custom-built ÐÕɯ#Ùȭɯ,ÈÙÚáÈÓÌÒɀÚɯÓÈÉ, however the basic 

principles discussed below are also found in manufactured AFM setups used for SMFS 

experiments. 

The AFM-based SMFS set up can be divided into two parts for simplicity. One 

part is the piezoelectric (or simpl y piezo) stage on top of which the sample is placed, and 

the other part  is the cantilever which is placed on a holder. The cantilever and its tip are 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
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facing over the piezo stage, where the sample is. In Figure 13, we present a schematic of 

the experimental set up.  

 
Figure 13: Atomic force microscope (AFM) -based Single Molecule Force 

Spectroscopy (SMFS) set-up. A laser beam is reflected at the back of the cantilever 

and then after redirected from a mirror, it is reaching the photodiode. Movement of 

the cantilever due to pulling of the biomolecule is causing changes to the signal 

detected by the photodiode. The sample is placed on a gold surface, placed on a piezo 

actuator, which controls the x -y-z movement of the sample.  This figure is from 

reference (85). 

2.3.4.1. Piezo stage description  

To begin with, the sample is placed on the piezo stage which can move on the x, 

y, and z planes. The piezo stage position during the experiments  is controlled by the 

piezo actuator. On the x-y plane, the movement is on the scale of tens to hundreds of 

micrometers. Additionally, on the z plane (pulling direction)  the piezo has its highest 
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resolution and can move with the precision of sub -nanometers. Part of the piezo stage is 

a weak magnet onto which the sample is securely placed.  

The sample is placed on a gold coated glass slide. Initially, all glass slides 

(product number 26021, Ted Pella, Redding, CA, USA) were placed overnight in piranha 

solution  to remove any organic residue which could negatively impact the quality of the 

gold evaporation. The next day, all glass slides were rinsed with water and air dried, 

and immediately sent for gold evaporation. The glass slides were gold evaporated using 

E-Beam Metal Evaporator (CHA Industries , CA, USA) found in the shared materials 

instru mentation facility (SMIF) at Duke University. Kirk Bryson kindly performed the 

gold evaporation on the glass slides with appropriate conditions to result to 

approximately Cr of 80 nm and Au of 250 nm layers. The gold coated glass slide were 

adhered onto a magnetic surface (product number 16218, Ted Pella, Redding, CA, USA) 

using double sided adhesion tapes (product number 16079, Ted Pella, Redding, CA, 

USA) and were ready for the experiment.  

2.3.4.2. AFM head description  

On the other side of the set-up, there is the AFM cantilever  head. The head has 

the laser source on it along with a prism to control the laser beam position  on the back of 

the cantilever (the prism is not shown in Figure 13). Additionally, part of the AFM 

cantilever head is the photodiode, onto which the laser beam is focused after being 

reflected at the back of the cantilever and then a mirror . The photodiode is divided into  
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quadrants. Maximum signal from the laser beam onto the photodiode  is achieved when 

the beam is at the center of the quadrants (as shown in Figure 13). The photodiode 

signal, and especially changes in the signal due to movements of the cantilever, is then 

sent to a feedback loop, which adjusts the experimental parameters. A more detailed 

figure of the AFM cantilever head and set -up can be found in reference (128). 

Additionally, i n the AFM head, there is a groove to place the AFM cantilever 

probe holder. The AFM cantilever probe (Figure 14b) is tightly secured onto the holder  

with the help of a spring . The cantilever is positioned on top of the surface at some 

distance, approximately a few centimeters, with its tip  (Figure 14a), usually doped Si, 

facing the surface of the sample (front side) . The back side of the cantilever is coated 

with  a thin layer of reflective material, such as aluminum , allowing the laser beam to 

reflect at the back side of the cantilever onto the photodiode.  Photos of MLCT cantilever 

are shown in Figure 14, which are commonly used to perform AFM -based SMFS 

experiments. 

 

Figure 14: Electron microscopy (EM) images of MLCT cantilever s.  

(a) The tip of the MLCT cantilever is shown.  Radius of the tips for MLCT is ~20 -60 

nm. (b) Multiple cantilevers on the MLCT probe. On one side of the MLCT probe 

there are four triangular and one rectangular cantilever , while on the other side there 
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is one triangular cantilever (not shown in figure).  Figures are from Bruker website 

(https://www.brukerafmprobes.com/p -3444-mlct.aspx). 

2.3.4.3. Setting up an experiment of AFM -based SMFS experiments  

The procedure for preparation of the experiments is discussed in (129) in detail. 

Here we will give a brief description of the overall protocol. For every experiment a  

fresh glass slide with gold coating is adhered onto the magnetic slide. We place 50ϟL of 

our sample, 0.25-0.5 mg/mL of diluted  protein in Buffer  A and let in incubate for 30-40 

min  to allow the non -specific adsorption of the protein onto the gold layer  via the 

cysteines. However, the protein can non -specifically adsorb at other parts, which we 

cannot predict  in advance  (look Appendix A for more details) . After the incubation is 

completed, we remove the unbound proteins still in solution  by pipetting in and out 10 

ϟ+ɯÖÍɯBuffer A  three times so the surface remains solvated. During the 30-40 min of 

sample incubation, we calibrate the cantilever (look Appendix A more details). After the  

calibration is completed the glass slide with the sample (right after the washing steps) is 

moved onto the piezo stage. The cantilever is brought in contact with the buffer solution 

and is ready for the experiment. 

All force spectroscopy experiments were performed using MLCT , SNL, and OBL 

cantilevers (Bruker Corporation, Camarillo, CA, USA).  The spring constants for these 

cantilevers were ~17-23 pN/nm (MLCT) , ~80 pN/nm (SNL), and ~6 pN/nm , respectively. 

Additionally, a ll experiments were performed at pulling rates of 0.05 -0.50 nm/ms 

depending on the experiment.  Finally, all experimental processes were operated using 
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the LabView program (National Instruments, Austin, Texas)  and all steps of the 

experiment were at room temperature. We also implemented an automatic operation 

mode of the LabView program developed by Dr. Scholl during his PhD in Dr. 

,ÈÙÚáÈÓÌÒɀÚɯÓÈÉȭ 

2.3.4.4. Force-extension recordings at constant pulling speed  

The AFM-based SMFS can be operated ÐÕɯÛÞÖɯÔÖËÌÚȮɯɁËÖÞÕ-ÔÖËÌɂȮɯÈÕËɯɁÜ×-

ÔÖËÌɂȭɯIn up -mode, Figure 15(a), the sample on the piezo actuator and the cantilever are 

separated by an initial distance, a few mm, and the piezo position controlled by the 

actuator moves up towards the cantilever (increased values of the piezo position). At the 

same time the cantilever is submerged in the sample solution until it comes in contact 

with the sample surface due to the piezo position (and therefore sample position) going 

up on the z-axis. Contact of the cantilever with the sample surface will cause the former 

to deflect. Following that is the separation of the sample and the cantilever (decreased 

values of the piezo position). When a molecule is adsorbed onto the cantilever, it will 

produce force-extension curves due to the molecule being mechanically stretched. 

Similarly, in Figure 15(b) we show the schematic of down-mode operation, in 

which the sample surface and the cantilever start in contact or near contact (5ɬ10 nm 

away from surface, increased values of the piezo position). Then, the sample surface is 

moved away from the cantilever (decreased values of the piezo position). This 

separation will give force -extension curves originating from the molecule being 
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stretched while attached to both the surface and the cantilever. Then the sample surface 

reaches back in contact with the cantilever for the next round of experiments (increased 

values of the piezo position). 

 

Figure 15: Schematics of AFM -based SMFS experiments . (a) Up-mode 

operation in which the piezo ×ÖÚÐÛÐÖÕɯÚÛÈÙÛÚɯÍÙÖÔɯɁáÌÙÖɂɯÈÕËɯÔÖÝÌÚɯÛÖÞÈÙËÚɯÛÏÌɯ

cantilever (shown as an increase of the piezo position value). At the same time the 

Force applied to the cantilever is constant until it comes in contact with the sample 

surface placed on the piezo actuato r, which causes it to deflect. Separation of the 

piezo actuator and the cantilever causes the piezo position to go back to its initial 

value at the beginning of the experiment. The separation of the sample surface a nd 

the cantilever, given there is a molecule adsorbed on the cantilever, results to force -

extension peaks. (b) Down -mode operation in which the piezo position starts from an 

extended position (in contact with the cantilever) and moves away from the cantile ver 

ÈÛɯÈɯɁáÌÙÖɂɯ×ÖÚÐÛÐÖÕȮɯÈÕËɯÛÏÌÕɯÎÖÌÚɯÉÈÊÒɯÛÖɯÐÛÚɯÐÕÐÛÐÈÓɯÌßÛÌÕËÌËɯ×ÖÚÐÛÐÖÕɯÞÏÐÓÌɯÐÕɯ

contact with the cantilever. The cantilever, when in contact with the sample surface at 

the beginning, is deflected and then during the separation, force -extension peaks are 

generated from the molecule under force. At the end, the cantilever goes back to its 
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initial deflected state due to its contact with the sample surface.  This figure is from 

reference (86). 

 

 In both cases (up and down-mode) a molecule is non-specifically attached to the 

cantilever during the first contact step. Bringing periodically the cantilever and sample 

surface in close proximity during cyclic recording on a single molecule, can potentia lly 

result to the non-specific adsorption of another protein molecule(s), which could 

compromise the experiment. For this reason, we closely monitored the separation 

distance during such measurements and occasionally compensated for the instrument 

drift.  

We note that in these SMFS measurements the protein is always hydrated and 

never crosses the water-air interface. Therefore, typically, in our experiments we used 

up-mode in order to completely extend our constructs (N - to C-terminus), later on 

labelled as ɁÍÜÓÓɯÓÌÕÎÛÏɯÌß×ÌÙÐÔÌÕÛÚɂȮɯÞÏÐÓÌɯËÖÞÕ-mode was used for repetitive 

ÜÕÍÖÓËÐÕÎɯÈÕËɯÙÌÍÖÓËÐÕÎɯÖÍɯ-ÓÜÊȮɯÓÈÛÌÙɯÖÕɯÓÈÉÌÓÓÌËɯÈÚɯɁÊàÊÓÐÊɯÌß×ÌÙÐÔÌÕÛÚȭɂɯThe distance 

at which the cantilever and surface needed to be separated during SMFS measurements 

was determined by calculating the total length of the fully unfolded protein construct to 

be studied, using the calibration provided by Dietz and Rief (130) with 0.365 nm per 

amino acid. Nluc is in total 171 amino acids (including the methionine at the N -

terminus ). Excluding the methionine at the N -terminus , a fully unfolded Nluc protein 

would result to  approximately  170 x 0.365 nm Ȓ 62 nm. Similarly,  a single I91 titin 
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domain is 89 amino acids, which would  approximately  ÙÌÚÜÓÛɯÛÖɯƗƖɯÕÔȭɯ#ÜÙÐÕÎɯÛÏÌɯɁÍÜÓÓɯ

ÓÌÕÎÛÏɯÌß×ÌÙÐÔÌÕÛÚɂɯÖÜÙɯÎÖÈÓɯÞÈÚɯÛÖɯÜÕÍÖÓËɯÈÓÓɯ×ÙÖÛÌÐÕɯÚÌÎÔÌÕÛÚɯȹÈÓÓɯ-ÓÜÊs and all I91s), 

so the separation distance was determined to be ~400-500 nm, while for the cyclic 

experiments our goal was to unfold and refold the Nluc segment, without unfolding I91 

domains, which otherwise could potentially interfere with Nluc refolding. As will be 

shown in the following chapters, t his is not difficult to accomplish as Nluc was found to 

be mechanically weaker than I91 titin domains  ËÜÙÐÕÎɯÛÏÌɯɁÍÜÓÓɯÓÌÕÎÛÏɯÌß×ÌÙÐÔÌÕÛÚɂȭɯ

Therefore, the distance during separation was reduced to ~80-100 nm for Ὅωρ ὔὰόὧ

Ὅωρ and ~150-280 nm for ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ and Ὅωρ

ὔὰόὧὍωρconstructs.  

Force-extensions curves were fitted using the WLC model formula described 

above using MatLab R2019a (Mathworks, Natick, MA , USA) or Python. The real time 

experimental data provided the force and extension data during the unfolding events of 

our protein constructs . Therefore, we were able to calculate the contour length (L) and 

persistence length (p) for every protein and/or protein domain.  The unfolding force, F, 

and the molecule extension corresponding to the unfolding event, x, were obtained by 

fitting the raw data and collecting the converging values as the maximum values of the 

force and length (look Appendix A for more details ). Statistical values collected from the 

WLC model are presented in the chapters below ÐÕɯÌÐÛÏÌÙɯÏÐÚÛÖÎÙÈÔÚȮɯÜÚÐÕÎɯÛÏÌɯ2ÛÜÙÎÌɀÚɯ

https://www.google.com/search?rlz=1C1CHBF_enUS878US878&sxsrf=ALeKk00PzEmV3GlwldbZWHkfgQesLF-2ig:1608667003487&q=Natick&stick=H4sIAAAAAAAAAOPgE-LUz9U3MCq0LEtS4gAxS-JNC7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtY2fyAosnZO1gZAVv-6i9PAAAA&sa=X&ved=2ahUKEwjlvLfKr-LtAhXFuFkKHaNSAjoQmxMoATAfegQIMxAD
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formula or bin size calculations, Ὧ ổὰέὫὲỖ ρ, where k is the number of bins and n is 

the sample size (131), or violin plots.  

2.4. Molecular Dynamics Simulations 

The first published work of molecular dynamics simulation was in 1957  

examining phase transition of hard spheres (132). This was followed i n 1977 with the 

first  paper of molecular dynamics (MD) simulations  of a biomacromolecule of biological 

interest, in which dynamics of bovine pancreatic trypsin inhibitor (a folded globular 

protein ) were studied  (133). Despite this work performed in crude vacuum condition s, it 

nonetheless provided significant feedback on the dynamic nature of proteins , which was 

in contradiction to  the prevalent  notion of those times that proteins are rigid structures 

(134). Since then, the field has experienced great growth with more papers being 

published  every year (135). MD simulations have been so significan t in understanding 

assemblies of molecules and their properties over the years that in 2013 Levitt, Karplus , 

and Warshel won the Nobel prize in chemistry for their massive contribut ions to the 

field.   

MD simulations have the advantage that they can predict biomolecule 

perturbations , e.g. conformational changes due to an amino acid mutation , addition  or 

removal of a linker, and addition of a phosphorylation group , as a function of time. 

These perturbations are key in examining protein -protein or protein -ligand interactions, 

which are vital in therapeutics and disease discovery (136). Additionally, given that 
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biomolecules and the atoms constituting  them are always in motion, MD simulations  

can provide information on the dynamics of these biomolecules . Most experimental 

techniques are limited in that aspect and usually capture one of the possible dynamical 

states of these biomolecules. That is one of the reason why in recent years MD 

simulations have been frequently used in combination with e xperimental structural 

biology techniques such as X-ray crystallography, nuclear magnetic resonance (NMR ), 

cryo-electron microscopy (Cryo-EM) (134, 135, 137). Additionally,  the contribution of 

MD simulations in the predict ion of  potential therapeutic targets and the development 

of potential drugs candidates has been more and more prevalent (137, 138).  

MD  simulations is a method that analyzes physical movements of atoms and 

molecules by using computer simulations.  Usually , the molecules in these simulations 

consist of a vast number of particles, which is  extremely challenging to analytically solv e 

to find all the properties of the system . Therefore, numerical methods are utilized to 

overcome this challenge by using numerical  approximati ons. However, long numerical 

calculations are prone to large errors when the algorithms or parameters are not 

optimal. MD simulations strongly rely on the ergodi c theorem, which states that the 

behavior of a system during the time average of a simulation is representing the average 

ensemble behavior of all the possible configurational changes in the long -time (136). In 

most MD simulations we examine the atoms and molecules by allowing them to interact 

for a long period of time, which is fixed. For MD simulations  of proteins, it is common to 
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use structures obtained by X-ray crystallography, NRM, or cryo -EM for the initial 

position of the atoms of the protein.  Trajectories of the movement of the atoms and 

ÔÖÓÌÊÜÓÌÚɯÈÙÌɯÊÈÓÊÜÓÈÛÌËɯÜÚÐÕÎɯ-ÌÞÛÖÕɀÚɯÌØÜÈÛÐÖÕÚɯÖÍɯÔÖÛÐÖÕȭɯ ÛɯÛÏÌɯÚÈÔÌɯÛÐÔÌɯÍÖÙÊÌÚɯ

can be applied to these atoms and molecules while interatomic potentials or molecular 

mechanical force fields are used to calculate their potential energies. The new positions 

and potential energies are used for the next iteration of numerical calculations, which 

proceed in this manner until t he total simulation time is reached. Therefore, the 

trajectory of an MD simulation is a movie of the three-dimensional configuration 

changes of the protein under the defined condition  with femtosecond  [fs] resolution , 

e.g., temperature.  

Experiments are essential in validating and testing the accuracy of MD 

simulation s. This is done by comparing the simulation  and experimental data, which can 

provide significant input for the  improvement  of various MD simulation methodologies  

and their accuracy (134). In recent years, there have been major improvements in 

making computational resources accessible to perform detailed MD simulations in 

individual lab s, such as the generation of advanced graphical processing units (GPUs) 

(137). While for more complex systems, supercomputers can still  be used, the 

accessibility of GPUs has enabled a large number of scientists to explore MD simulations 

for a modest cost. In parallel, MD simulations software packages are nowadays more 

accessible and far more user friendly than their earlier version. Lastly, with the 



 

61 

widespread of MD simulations and their extensive utilization, the physical models, e.g., 

CHARMM36, have undergone improvements to make their approximate calculations 

more accurate and more optimal parameters have been identified , however one should 

not forget that these are still in reality approximations  (137).  

However, an unusual downside of MD simulations is the large data files 

generated. Beside this, like experiments, MD simulations are prone to errors due to 

various reasons, such as sampling errors , and a lot of work has been and is still  

performed to identify and reduce them (139ɬ141). Therefore, oftentimes simulations are 

repeated with  the same initial structur al co-ordinates, but with  different initial 

conditions, such as different random initial velocities and compared to identify possible 

variations.  

2.4.1. All-atom steered molecular dynamics (SMD) simulations of Nluc 

Parts of this chapter were taken from my following publication :  

D. Apostolidou Ȯɯ/ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022)  

For all-atom steered molecular dynamics (SMD) simulations we used a 

monomeric Nluc (PDB code 5IBO). In 5IBO, the protein has an additional methionine at 

the beginning of the N -terminus, which we did not remove, resulting  in total 171 

residues.  For all-atom simulations we did not include linker amino acids that are 
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present in our protein constructs, in order to limit the already big size of the water box 

ÕÌÌËÌËɯÛÖɯÈÊÊÖÔÔÖËÈÛÌɯÚÛÙÌÛÊÏÌËɯ-ÓÜÊȭɯ6ÌɯÐÕÐÛÐÈÓÓàɯÜÚÌËɯÈɯɁÓÈÙÎÌɂɯÞÈÛÌÙɯÉÖßɯÖÍɯƛȭƖɯßɯ

6.2 x 45.0 nm (system size approximately 193,000 atoms) to almost completely unravel 

Nluc. In later simulations, focused on the initial phase of the forced unfolding, we 

reduced the size of the water box to 7.7 x 8.8 x 15.9 nm (system size approximately 

103,000 atoms) and 7.7 x 8.8 x 9.2 nm (system size approximately 59,000 atoms) in order 

to perform more simulations to evaluate their variability at the initial phase of stretching 

ÈÛɯÝÈÙÐÖÜÚɯ×ÜÓÓÐÕÎɯÚ×ÌÌËÚȭɯ(ÕɯÛÏÌɯÓÈÛÛÌÙɯÊÈÚÌȮɯÛÏÌɯ×ÙÖÛÌÐÕɯÞÈÚɯÖÙÐÌÕÛÌËɯÛÖɯÏÈÝÌɯ-ɀɯÈÕËɯ"ɀɯ

termini aligned on the Z axis, which we chose as the SMD pulling ax is. All simulations 

were conducted using NAMD 2.12 or 2.14 with CUDA GPU acceleration along with 

Charm 36 (par_all36m_prot.prm) (142), TIP3P water model (143) and ion concentration 

was set to 150 mM NaCl. Minimization at 0 K was followed by a 5 -10 ns equilibration at 

298 K prior to pulling simulations. The NPT ensemble was applied for all pulling 

simulations with a Nóse -Hoover Langevin piston pressure control  and Langevin 

dynamics for temperature control. Periodic boundary conditions were applied. The 

spring constant was 48.6 pN/nm and the pulling speed was 0.23-0.25 m/s (system size 

approximately 103,000 atoms) and 0.1 m/s (system size approximately 59,000 atoms) for 

the small water box and 0.125 or 0.25 m/s for the large box (system size approximately 

193,000 atoms). These velocities are approximately 106 times greater as compared to the 

experimental stretching velocity, which is common for all atom SMD simulations (144), 
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however with recent advances in the graphical processing units and the implementation 

of supercomputers (145) in simulations the difference between experiments and 

simulations has started decreasing to approximately 104 times greater as compared to 

experimental stretching (146). In all simulations but one, a dummy atom was anchored 

to the Ca atom of the 171 Ala residue of Nluc, while the Ca atom of Methionine (#1) was 

fixed in order to perform the constant velocity pulling simulations. In one simulation we 

swapped the fixed and SMD atoms to stretch the protein in the opposite direction, with 

the Ca atom of Ala (#171) residue being fixed in space and Ca atom of Methionine (#1) 

being the SMD atom. The water box for this simulation was the smaller water box 

mentioned previously. In all simulations the SMD atom was constrained in X and Y 

directions to mimic the restrain imposed by the AFM cantilever, which does not deform 

significantly in these directions.  

2.4.2. All-atom MD simulations for thermal melting of Nluc 

Parts of this chapter were taken from my following in revision manuscript 

Ɂ3ÈÕËÌÔɯÙÌ×ÌÈÛÚɯÖÍɯÏÐÎÏÓàɯÉÐÖÓÜÔÐÕÌÚÊÌÕÛɯ-ÈÕÖ+ÜÊɯÈÙÌɯÙÌÍÖÓËÌËɯÕÖÕÊÈÕÖÕÐÊÈÓÓàɯÉàɯÛÏÌɯ

'Ú×ƛƔɯÔÈÊÏÐÕÌÙàɂ. 

All -atom simulations were performed on the monomeric and dyad Nluc 

constructs to examine their thermal stability at various temperatures. The protein 

structure was obtained using PDB code 5IBO. Formation of the dyad Nluc structure was 

ËÖÕÌɯÉàɯ#Ùȭɯ/ÈÕɯ9ÏÈÕÎɯËÜÙÐÕÎɯÏÐÚɯ/Ï#ɯÐÕɯ#Ùȭɯ6ÌÐÛÈÖɯ8ÈÕÎɀÚɯÎÙÖÜ× as part of a 
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collaboration. The dyad Nluc was obtained using UCSF Chimera by connecting the two 

monomeric Nlucs. For the linkers we used the Chimera addaa method (147). This 

resulted in 171 and 346 residues for the monomeric and dyad Nluc proteins, 

respectively. The linkers used for the dyad Nluc were the same as in the protein 

construct for thermal denaturation. The water boxes for the two proteins were for 

monomeric N luc 8.0 x 8.6 x 9.3 nm³ (system size ~61,400 atoms) and for dyad Nluc 12.6 x 

10.8 x 9.8 nm³ (system size ~127,800 atoms) to allow full expansion of the proteins during 

thermal denaturation, during which process proteins lose their core packing and, 

therefore, their secondary structure. In all simulations the # of methionine (#1) was 

fixed allowing the utilization of an optimal water box without limiting the quality of the 

simulations. NAMD 2.12 or 2.14 with CUDA GPU acceleration were used along with 

CHARMM 36 (par_all36m_prot.prm) (142), TIP3P water model (143), and the addition of 

ions at concentration of 150 mM NaCl. The NPT ensemble was applied for all thermal 

denaturation  simulations with a N ĞÚÌǸ'ÖÖÝÌÙɯ+ÈÕÎÌÝÐÕɯ×ÐÚÛÖÕɯ×ÙÌÚÚÜÙÌɯÊÖÕÛÙÖÓɯÈÕËɯ

Langevin dynamics for temperature control.  Periodic boundaries were applied.  For the 

monomeric Nluc we ran simulations at 350 K, 410 K, 440 K, 450 K, 475 K, and 500 K. 

Similarly, for dyad Nluc we ran simulations at 410 K, 440 K, 450 K, 475 K, and 500 K. 

During each run of the simulation, we also did equilibration for the f irst 100 ns and then 
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the simulation was allowed to continue. The total  run time was 400ns. RMSD14 for all 

simulations were collected using VMD. Additionally,  in our analysis we implemented 

MDAnalysis Python (148ɬ152) package following the instructions in website 

(https://www.mdanalysis.org/) for RMSF 15 calculations. 

2.4.3. Coarse-grained simulations of Nluc 

All coarse-grained MD simulations were from  a collaboration with Dr. Weitao 

8ÈÕÎɀÚɯÎÙÖÜ×ɯÈÕËɯÏÐÚɯÛÏÌÕɯ/Ï#ɯÚÛÜËÌÕÛɯ#Ùȭɯ/ÈÕɯ9ÏÈÕÎȭɯParts of this chapter were taken 

and combined from  the published and in revision work :  

D. Apostolidou Ȯɯ/ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022) 

Ɂ3ÈÕËÌÔɯÙÌ×ÌÈÛÚɯÖÍɯÏÐÎÏÓàɯÉÐÖÓÜÔÐÕÌÚÊÌÕÛɯ-ÈÕÖ+ÜÊɯÈÙÌɯÙÌÍÖÓËÌËɯÕÖÕÊÈÕÖÕÐÊÈÓÓàɯ

ÉàɯÛÏÌɯ'Ú×ƛƔɯÔÈÊÏÐÕÌÙàɂ 

For coarse-grained steered molecular dynamics (SMD) simulations, we used 

SMOG server (153) to generate ὅ native structure -based force field (154). We first 

performed all -atom simulations for proteins with CHARMM36 protein force field (142) 

and TIP3P water model (143). Minimization was followed by a 1 ns NVT equilibration, 

 

14 RMSD stands for root mean square deviation. 
15 RMSF strands for root mean square fluctuation. 
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with v -rescale thermostat (155), and a 2 ns NPT equilibration, with Parrinello -Rahman 

barostat (156). The cutoff for short -range electrostatic interaction and Van der Waals 

interaction were set as 1.2 nm, and long-range electrostatic interaction was calculated by 

particle mesh Ewald (157). The integration time step was set as 2 fs. The coarse-grained 

model was generated from the final equilibrated all -atom model. The best temperature 

for coarse-grained simulations was determined based on the previous method (118). The 

protein was denatured with a 300 temperature units  coarse-grained simulation, and 

refolding simulations were performed at 5 different temperatures: 130, 140, 150, 160, and 

170 temperature units . We selected 150 temperature units  as the best temperature for 

coarse-grained simulation after plotting the fraction of native contacts, since the 

probabilities for the folded and unfolded states are similar. The sequences of monomeric 

Nluc, dyad Nluc and triad Nluc constructs are shown in Figure 1 6. 

 

Figure 16: Sequences for monomeric Nluc, duad Nluc and triad Nluc. With 

blue we highlighted the six histidines used for His -Tag purification , with orange we 

highlighted the Thrombin cleavage cite, and with green we highlighted the Strep -

Tag(II). All linkers are colored with black letters. Lastly, we identified the methionine 

from the Nluc PDB file as part of the linkers before Nluc, therefore we had for the 

ËàÈËɯ-ÓÜÊɯɁȱ'$+,-5%3ȱ(+ -LEGSM -5%3ȱ(+ - 213ȱɂȭ 

We prepared the initial structures based on these sequences. The simulation time 

was set as 200 ns for each simulation, with 0.5 fs integration time step.  The cutoff for 

Van der Waals interaction was set as 3.0 nm. For the pulling simulation, constant 
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velocity pulling was used by setting the ὅ atom of the N-terminal residue as reference 

atom and the ὅ atom of the C-terminal residue as pulling atom. The pulling velocity 

and spring constant were set as 1 nm/ns and 6 pN/nm, respectively. We run 10 

simulations for each system to generate the force-extension plots with average behavior. 

All simulations were performed in GROMACS 2018.2 (158). 

Similarly, f or the coarse-grain MD simulations of  thermal denaturation, all 

simulations were performed in GROMACS 2018.2 (158). The initial all -atom structures of 

monomeric, dyad, and triad Nluc were prepared based on the following sequences  

shown in Figure 16. All -atom simulations were then performed for each system to 

generate the native structures. CHARMM36 protein force field (142) and the TIP3P 

water model (143) were used in all-atom simulations. First, the steepest descent 

algorithm was applied for energy minimization, which is converged when the 

maximum force is smaller than 1000 kJ/mol/nm. Next, a 1 ns NVT simulation using v -

rescale thermostat (155) and a 2 ns NPT simulation using Parrinello -Rahman barostat 

(156) were performed successively to equilibrate the system. For every all-atom 

simulation, the integration time step was set to 2 fs. We set 1.2 nm for the cutoff of short-

range electrostatic interaction and Van der Waals interaction, and specified particle 

mesh Ewald (157) method for long -range electrostatic calculation. Bonds involving 

hydrogens were constrained using LINCS algorithm (159). 
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After the all -atom simulations were finished, the coarse-grained models were 

constructed from the final equilibrated all -atom models using ὅ native structure -based 

force fields (154) on SMOG server (153). The temperature for coarse-grained MD 

simulations was determined using the same method in previous work (118, 160). Like 

mentioned above, 150 temperature unit was finally selected as the temperature for 

coarse-grained simulations. The integration time step, the cutoff of Van der Waals 

interaction, and the simulation time was set to 0.5 fs, 3.0 nm, and 500 ns, respectively, for 

all coarse-grained refolding simulations. We performed 100 simulations for monomeric 

Nluc, dyad Nluc, and triad Nluc, starting from random unfolded structures in the 

trajectories of denaturing simulations.  

The fraction of native contacts, denoted as Q, is a number between 0 and 1, and 

calculated as the total number of native contacts in refolded structures divided by the 

total number of native contacts in the reference native structures, which provides some 

insights on the extent of refolding and misfolding.  

Besides the normal refolding simulations, we also investigated tandem domain 

swap (161) with coarse-grained simulations. All the simulation parameters are the same 

as the normal refolding simulations, except that we complemented native contacts in 

topology to include domain -swapping effects. For each contact between residue i and 

residue j iÕɯÖÕÌɯ-ÓÜÊɯËÖÔÈÐÕȮɯÈÕËɯÛÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÊÖÕÛÈÊÛɯÉÌÛÞÌÌÕɯÙÌÚÐËÜÌɯÐɀɯÈÕËɯ

ÙÌÚÐËÜÌɯÑɀɯÐÕɯÈÕÖÛÏÌÙɯ-ÓÜÊɯËÖÔÈÐÕȮɯÛÏÌɯÐÕÛÌÙ-domain contact between residue i and 
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ÙÌÚÐËÜÌɯÑɀȮɯÈÚɯÞÌÓÓɯÈÚɯÛÏÌɯÊÖÕÛÈÊÛɯÉÌÛÞÌÌÕɯÙÌÚÐËÜÌɯÐɀɯÈÕËɯÙÌÚÐËÜÌɯÑȮɯÞÌÙÌɯÐÕÊÓÜËÌËɯÐÕɯÛÏÌɯ

domain -swapping simulations (162). We performed 50 simulations for dyad Nluc and 

triad Nluc with the domain -swapping contacts. 
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3. Linking NanoLuc to itself in polyprotein constructs 
results to its misfolding  

Parts of this chapter were taken and combined from my following publication  

Y. Ding, D. Apostolidou, P.E.  ,ÈÙÚáÈÓÌÒȮɯɁMechanical Stability of a Small, 

Highly -Luminescent Engineered Protein NanoLucɂȮɯ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ)ÖÜÙÕÈÓɯÖÍɯ,ÖÓÌÊÜÓÈÙɯ

Sciences 22 (1), 55 (2021) 

3.1. Introduction 

How proteins fold to their unique three -dimensional structures and how they 

maintain the structural conformations that are required for their biological function are 

central questions in biophysics (8, 10, 16, 163ɬ167). These processes underlie many 

important phenomena such as those related to cellular homeostasis (168ɬ172), cancer 

metabolism (8, 173ɬ176), and the onset and treatment of protein misfolding diseases (8, 

39, 42, 177). Single-molecule force spectroscopy (SMFS) techniques are particularly 

powerful tools for studying protein folding because they provide a means to directly 

apply forces to individual proteins under native conditions in order to measure their 

structural re sponse and the internal forces that stabilize the protein (119, 124, 130, 178ɬ

218)ȭɯ(ÕɯÛÏÌÚÌɯÌß×ÌÙÐÔÌÕÛÚȮɯÕÜÔÌÙÖÜÚɯɁÚÛÙÌÛÊÏɂɯÈÕËɯɁÙÌÓÈßɂɯÊàÊÓÌÚɯÖÍɯÍÖÙÊÌɯÈ××ÓÐÊÈÛÐÖÕɯ

are performed on the same protein to examine molecular elasticity within different 

extensions, tension regimes, and loading rates. At sufficiently  large extensions, the 

resulting tension may drive structural rearrangements within the molecule, termed 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=wh9Gb4MAAAAJ&citation_for_view=wh9Gb4MAAAAJ:qjMakFHDy7sC
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force-induced conformational transition s. These rearrangements that lead to high-

energy conformations may reveal extremely interesting molecular properties that are not 

accessible to typical spectroscopic methods that usually examine biomolecules at or near 

their equilibrium states. As the forceÚɯÈÙÌɯÙÌÓÈßÌËȮɯÛÏÌɯ×ÙÖÛÌÐÕɯÔÐÎÏÛɯÈÓÚÖɯɁÙÌ-ÍÖÓËɂȮɯ

providing insights into the conditions or requirements for these recovery events to 

occur. 

Understanding how these applied and destabilizing forces might affect not only 

the structure but catalytic activity of those proteins can provide new insights into the 

molecular mechanisms of how misfolding, aggregation, or recovery to their functional 

forms with the help of other chaperone proteins can contribute to cellular health or 

disease (18, 35, 37, 84, 118, 219ɬ222). However, SMFS with simultaneous measurement of 

catalytic activity of the protein to which forces are being applied has been rather 

challenging due to numerous technical difficulties (215, 223ɬ226). 

Here, we report on the mechanical unfolding and refolding properties of a 

promising candidate for combined mechanical and catalytic measurements at a single-

molecule level, a bioluminescent protein N luc. We expect that unraveling of the tertiary 

structure of N luc due to mechanical unfolding should be accompanied by a significant 

decrease in its bioluminescence activity. Conversely, we expect that successful Nluc 

refolding should restore its ability to produce bright light similar to what is observed in 

bulk  experiments for Fluc (55, 56). Thus, in addition to the nanomechanical unfolding 
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and refolding properties of N luc reported for the first time, this work represents a step 

toward a new assay for combined nanomechanical and catalytic/luminescence single-

molecule studies and as a potential new and powerful substrate system for protein 

misfolding and chaperone research. 

3.2. Results and Discussion 

3.2.1. NanoLuc Protein for Force Spectroscopy 

For SMFS measurements, the protein of interest needs to have molecular handles 

attached to apply the mechanical force and separate the protein from the surface and 

force probe minimizing the direct interaction with the instrument that could be 

potentially denaturing (227). In addition, the mechanical properties of the handles 

×ÙÖËÜÊÌɯÈÕɯÜÕÔÐÚÛÈÒÈÉÓÌɯɁÍÖÙÊÌɯÚ×ÌÊÛÙÖÎÙÈÔɂɯÍÐÕÎÌÙ×ÙÐÕÛɯÈÓÓÖÞÐÕÎɯÖÕÌɯÛÖɯËÐÍÍÌÙÌÕÛÐÈÛÌɯ

truly single molecule recordings from recordings obtained on multimolecular assemblies 

(228). Frequently, instead of using a monomeric protein of interest , tandem repeats of 

the same protein (polyproteins) are constructed in order to produce a repetitive and 

consistent pattern in the force extension data that is easy to identify. Polyproteins are 

particularly useful for low force unfolding events , which could be masked by 

nonspecific adhesive interactions at the beginning of the forceɬextension curve or 

confused with instrumental drift and noise. An additional benefit of using polyproteins 

is the improved efficiency of data collection in proportion to the number of repeats of 

the protein of interest. This is significant considering that  SMFS is a low-throughput 
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technique (227, 228) because the likelihood of picking up a single molecule for 

mechanical manipulations is typically lower than 1%. For those reasons, we generated a 

Ɂ×ÖÓà×ÙÖÛÌÐÕɂɯÎÌÕÌɯÍÖÙɯÛÏÙÌÌɯÛÈÕËÌÔɯÙÌ×ÌÈÛÚɯÖÍɯ-luc and flanked them at the DNA level 

with two I91 (formerly I27) domains at each end, which serve as SMFS handles and 

reference proteins allowing to identify truly single -molecule recordings based on the 

characteristic mechanical unfolding fingerprint of p oly(I91) proteins (180, 229). When 

expressed, force spectroscopy on the polyprotein allowed, for every successful 

ÖÉÚÌÙÝÈÛÐÖÕɯÖÍɯÛÏÌɯÖÕÚÌÛɯÖÍɯ×ÙÖÛÌÐÕɯÜÕÍÖÓËÐÕÎɯÈÛɯÛÏÌɯɁÚÐÕÎÓÌɯÔÖÓÌÊÜÓÌɂɯÓÌÝÌÓȮɯÛÏÙÌÌ-fold 

increase in the number of mechanical denaturing events that could be analyzed. We 

expressed Ὅωρ ὔὰόὧὍωρ construct in E. coli. After purification, the chimera protein 

containing three N luc repeats was actively bioluminescent (Figure 17).  

 

Figure 17: Bioluminescence results of  ╘ ╝■◊╬╘ .  

Bioluminescence measurements o f the  construct showing dilutions of 10 nM to ~16 

fM vs. logarithmic concentration of the protein. ( n = 3). Normalized time dependence 

of bioluminescence vs. time of 10 nM ╘ ╝■◊╬╘  construct (n = 4). The mean 

values were plotted along with the standard error of the mean for the normalized 
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values for both plots  (black vertical lines). All measurements were at room 

temperature.   

In order to quantify the bioluminescence of our construct, we performed various 

dilutions starting at 10 nM (top right) and ending at ~16 fM (bottom left) and observed a 

linear behavior for our data at room temperature (Figure 1 7). Since Nluc is 150x brighter 

than Fluc, these results demonstrate that our construct can be used for single molecule 

studies of catalysis for concentrations as low as 16 fM. Furthermore, the linear trend 

indicates that for these concentrations we are in the linear dynamic range of our 

bioluminometer with a proportional relationship between luminescence and enzyme 

concentration (93). Above 10 nM high light intensities would saturate the 

bioluminometer.  

Additionally, we examined the time decay of the bioluminescence of 10 nM 

Ὅωρ ὔὰόὧὍωρ over time by collecting measurements at different time points at 

room temperature (Figure 17). We observe an exponential decay, caused by substrate 

consumption (93). We calculated that Ὅωρ ὔὰόὧὍωρconstruct has a decay of ὸȾ

υψ άὭὲ.  

3.2.2. Mechanical Unfolding of NanoLuc 

In the atomic force microscope (AFM)-based SMFS that we used in this study, 

one end of the polyprotein is attached to a surface (through nonspecific adsorption) 

while the other end is attached to the tip of an AFM micro -cantilever, which is used as a 
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force sensor. In the case of AFM-based SMFS the protein is extended by a piezoelectric 

actuator supporting the sample, with the precision better than 1 nm (10 -9 m), while the 

applied force (tension) is measured by accurately determining the deflection of the end 

of the cantilever, using a laser beam, reflected off the top of the cantilever and projected 

onto a position-sensitive photodiode (see Experimental Background ). The AFM force 

precision ranges from around 10 pN (ρπ  N) for most commercial instruments and 

cantilevers, and it may approach 1 pN for specially micromachined custom cantilevers 

(230). By relating the deflection of the AFM cantilever to displacement of the surface, an 

applied  force vs. protein extension curve is generated that reveals how the protein 

deforms in response to force, and how segments of the protein might denature, which is 

ÖÉÚÌÙÝÌËɯÉàɯÈɯÚÜËËÌÕɯËÙÖ×ɯȹÈɯɁ×ÌÈÒɂȺɯÐÕɯÛÏÌɯÍÖÙÊÌɬextension curve. The pathway by 

which the N luc polyprotein unfolds was determined by applying load with a range of 

constant velocities between 0.05ɬ0.25 nm/ms (most recordings were at 0.25 nm/ms). 

When performing force spectroscopy on the Ὅωρ ὔὰόὧὍωρ construct, we observe 

up to four peaks or unfolding events that are characteristic of the four I91 domains 

denaturing in response to applied forces in our recordings ( cyan) along with three other 

distinct smaller peaks (red), which suggest one unfolding event per N luc domain 

(Figure 18). To identify the number of amino acids of the polyprotein involved in each 

ËÌÕÈÛÜÙÈÛÐÖÕɯÌÝÌÕÛɯÍÙÖÔɯÛÏÌɯɁÊÖÕÛÖÜÙɯÓÌÕÎÛÏɂɯÖÍɯÛÏÌɯËÌÕÈÛÜÙÌËɯÚÌÎÔÌÕÛɯ(130), prior to 

our quantitative analysis we determined the persistence length of N luc by adopting the 
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worm -like chain (WLC) model to fit the force ɬextension curve and using the root mean 

square error approach to determine a persistence length of 0.4 nm (results not shown). 

We later used persistence length of 0.4 nm in our analysis for Nluc forceɬextension 

curves. 

 

Figure 18: Example of force -extension curve for a poly -protein construct.  

 a) Depiction of the ╘ ╝■◊╬╘  construct. On the far left is the surface and 

on the far right is the cantilever. In between, we can see with cyan the I91 domain 

(PDB file 1WAA) and with red the N luc proteins (PDB file 5IBO). The different 

proteins were connected with short linkers (4 ɬ5 residues). b) A full trace of the ╘

╝■◊╬╘  construct. Different  parts of the unfolding curves are color matched 

with the respective proteins.  

As the AFM cantilever is brought into contact with a surface coated with the 

polyprotein and retracted, several typical unfolding traces of Ὅωρ ὔὰόὧὍωρ 

construct are shown in Figure 19aɬd. The complete unfolding forceɬextension curve of 
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our entire construct is shown in Figure 19a, which includes three smaller peaks for the 

Nluc proteins preceding four large peaks for the I91 domains. However, because the 

proteins adsorb to the AFM tip randomly along their length prior to extension, other 

unfolding peak combination s are possible with the number of I91 peaks less than four. 

In principle, only the recordings that captured at least three I91 unfolding peaks 

guarantee that all three NanoLuc proteins were also subjected to the applied force (this 

is evident from the design of the Ὅωρ ὔὰόὧὍωρ construct). This strong criterion 

allows to establish the mechanical unfolding fingerprint of ὔὰόὧ. Having established 

ÚÜÊÏɯÈɯɁÛÌÔ×ÓÈÛÌɂɯÙÌÊÖÙËÐÕÎɯÐÛɯÐÚɯÛÏÌÕɯ×ÖÚÚÐÉÓÌɯÛÖɯÙÌÓÈßɯÛÏÌɯÊÙÐÛÌÙÐÖÕɯÐÕÝÖÓÝÐÕÎɯÛÏÙÌÌɯ(Ɲƕɯ

peaks and we could also include in the data analysis forceɬextension curves that 

captured less than three I91 peaks (e.g., 1 or 2) as long as the preceding smaller peaks 

overlap reasonably well with the ὔὰόὧ template that is characterized by peak force 

magnitudes and peak spacing. To illustrate this approach, we overlaid the recordings 

with less than three I91 peaks (Figure 19b,d) onto the template recordings with four I91 

peaks in Figure 19e. All these force curves are well fitted by the WLC model (shown in 

dashed lines) with the comparable contour length increment strongly suggesting that 

they were recorded on single protein molecules harboring three N luc repeats.  
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Figure 19: Results of unfolding  experiment s on ╘ ╝■◊╬╘  construct.  

(a-d) Four representative examples of forceɬextension curves. (a) Complete unfolding 

curve of  ╘ ╝■◊╬╘  construct . (b) Unfolding curve with three N luc events 

and only three I91 events which is incomplete. (c) Unfolding curve with nonspecific 

events at the beginning. (d) Unfolding curve with only unfolding events of N luc. 

Please note that representative recordings in (a), (b), and (c) categories were used in 

our analysis with n = 54. Additionally, even though the number of force peaks 

attributed to mechanical unfolding of I91 , handle domains var y depending on the 

fragment picked up for stretching (as shown in Figure 19f), the number of small 

unfolding force peaks that we attribute to N luc repeats is constant. (e) Overlay of 4 

traces from (aɬd). Dashed lines are worm-like chain (WLC) fits with persistence 

lengths p = 0.4 nm for Nluc domains and p = 0.3 for I91 domains. (f) Illustration of 

pulling experiment for full unfolding trace in 19a (i) and partial unfolding trace in 

19d (ii). On the far left is the surface  and on the far right is the cantilever.  
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By the changes in the fit parameters for the length of the polymer (contour length 

ÐÕÊÙÌÔÌÕÛÚȺɯÚÜÉÑÌÊÛÌËɯÛÖɯÈ××ÓÐÌËɯÍÖÙÊÌÚɯÉÌÍÖÙÌɯÈÕËɯÈÍÛÌÙɯÈÕɯȿÜÕÍÖÓËÐÕÎɀɯÌÝÌÕÛȮɯÞÌɯÊÈÕɯ

estimate the number of amino acids that were contributing to the denaturation by the 

applied force. The contour length increments from WLC model fitting and the unfolding 

forces are shown in a scatter plot (Figure 20a) for both N luc protein and I91 domains. 

We selected 54 recordings with at least three I91 domains unfolding events in each 

recording, ensuring that all three N luc proteins were fully unfolded. From the scatter 

plot we observe two populations that are clustered, one for I91 domains (pink) and one 

for N luc (blue). Normalized histograms of contour length increment (nm) and unfolding 

force (pN) of N luc are presented in Figure 20b and c, respectively. Bin sizes were 

ËÌÛÌÙÔÐÕÌËɯÜÚÐÕÎɯ2ÛÜÙÎÌɀÚɯÍÖÙÔÜÓÈȮɯὯ ổὰέὫὲỖ ρ, where k is the number of bins and n 

is the sample size (131). Fitting these results with normal distribution gives a contour 

length increment of 64.48 ± 0.64 nm (mean ± SE, n = 88) and an unfolding force of 71.84 ± 

2.86 pN (mean ± SE, n = 88), which makes Nluc a moderately mechanically weak protein. 

For comparison, ankyrin repeat proteins unfold at around 20 ɬ25 pN (231) and spectrin 

domains unfold at around 25ɬƗƙɯ×-ɯÈÛɯÊÖÔ×ÈÙÈÉÓÌɯÚÛÙÌÛÊÏÐÕÎɯÚ×ÌÌËÚɯȹȃƔȭƗɯϟÔɤÚȺɯ(232). 

Both are examples of mechanically weak proteins. On the other hand, some proteins, 

such as titin domains from muscle, unfold at around 200 pN at the same stretching 

speeds and those were considered as mechanically strong proteins until the Gaub group 

recently identified bacterial adhesion proteins that unfold at amazingly high forces of 
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2000 pN (233). We note that the distribution in Figure 20c displays non-Gaussian 

features, so further measurements are warranted to clarify their origin. We theoretically 

calculated the contour length increment of a protein by using the total length of the 

residues subtracts the initial length between the N terminus and C terminus (130). For 

Nluc, its contour length increment is 170 residues*0.365 nm/residue - 0.262 nm = 61.79 

nm, which is consistent with our experimental results. Similarly, I91 domains give 28.07 

± 0.25 nm (mean ± SE, n = 195) for contour length increments and 227.88 ± 3.30 pN (mean 

± SE, n = 195) for rupture forces, which are consistent with the previous results for the 

unfolding of the I91 (histograms not shown) (129).  

 

Figure 20: Results of unfolding experiments on ╘ ╝■◊╬╘  construct .  

(a) Distribution of force and contour length increment of both N luc peaks and I91 

peaks. (b and c) Histograms of the contour length increment (b) and the force (c) for 

N lÜÊɯ×ÌÈÒÚȭɯ2ÛÜÙÎÌɀÚɯÍÖÙÔÜÓÈɯÞÈÚɯÜÚÌËɯÛÖɯÊÈÓÊÜÓÈÛÌɯÛÏÌɯÕÜÔÉÌÙɯÖÍɯÉÐÕÚɯÍÖÙɯȹÉȺɯÈÕËɯȹÊȺȭ 

3.2.3. Cyclic Measurements of NanoLuc Refolding and Misfolding 

(ÕɯÈɯɁÊàÊÓÐÊɂɯ2,%2ɯÔÌÈÚÜÙÌÔÌÕÛȮɯÛÏÌɯÍÖÙÊÌÚɯÈ××ÓÐÌËɯÛÖɯÈɯ×ÙÖÛÌÐÕɯÈÙÌɯÉÙÐÌÍÓàɯ

relaxed to allow the protein the opportunity to refold prior to subsequent application of 
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mechanical forces: if they are able to successfully refold during that time, the forceɬ

extension curves will appear similar as those before the first mechanical denaturing, 

otherwise the forceɬextension behavior will appear like that of an unstructured 

polypeptide or exhibit unusual/unpredictable behavior indicating that the protein 

misfolded to an improper conformation during that time. The cyclic measurements are 

conducted at a constant stretching rate of ~0.05 nm/ms. After a single molecule was 

initially  denatured by pre-stretching to an extension of 200ɬ280 nm, after which all three 

Nlucs initially denatured, the AFM tip was returned to a position close to the surface 

without touching and then stretched the molecule again with a smaller extension (150ɬ

180 nm). The smaller extension is chosen to avoid I91 unfolding and a possible 

interaction between N luc and I91 during refolding attempts. Each refolding attempt 

spans 6-8 s and, during the process, the force remains under 5 pN for ~1.6 s to allow the 

polypr otein to refold (119). Figure 21a shows six representative cycles of cyclic 

measurements on the same molecule. The complete unfolding curve is plotted (blue 

lines) as the template to analyze the refolding attempts of each cycle. In cycle (1), two 

Nluc peaks overlap well with the template during the stretch, which indicates the N luc 

proteins are correctly refolded. There is only one peak appearing in cycle (32) located 

after the third peak of N luc in the template, which is considered to be a misfolding 

event. In the following cy cle (33), no peak shows during the measurement meaning no 

refolding or misfolding event happens in this cycle. One N luc correctly refolds in cycle 
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(38), which can be confirmed by the peak showing at the third peak of N luc in the 

template. Both cycle (43) and (44) show misfolding events with either a peak located 

close to the second peak (cycle (43)) or between the second and the third peaks (cycle 

(44)) of the template. 

 

Figure 21: Cyclic unfolding and refolding results for ╘ ╝■◊╬╘ .  

 (a) Six examples of refolding attempts on the same molecule of ╘ ╝■◊╬╘  

constructed from cycles 1, 32, 33, 38, 43 and 44 (orange line). The complete unfolding 

curve (blue line) is also plotted for comparison. (b) The distribution  of the contour 

ÓÌÕÎÛÏɯÐÕÊÙÌÔÌÕÛɯÍÙÖÔɯÜÕÍÖÓËÐÕÎɯÈÕËɯÙÌÍÖÓËÐÕÎɯÌß×ÌÙÐÔÌÕÛÚȭɯ2ÛÜÙÎÌɀÚɯÍÖÙÔÜÓÈɯÞÈÚɯ

used to calculate the number of bins for (b). The histogram of unfolding experiments 

(Figure 20b) is added for comparison.  

We performed 635 refolding attempts on 21 single molecules of Ὅωρ ὔὰόὧ

Ὅωρ and there are 248 attempts showing clear peaks in the forceɬextension curves. The 

distribution of the contour length increment for the refolding experiments ( n = 248) is 
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shown in the normalized histogram (Figure 5b). Comparing with unfolding results 

(blue, n = 88), the contour length increment from refolding experiments is more widely 

distributed due to the occurrence of misfolded proteins during refolding attempts. A 

normal distribution is adopted to fit the contour length increment of refolding tests and 

the contour length increment is 60.09 ± 1.67 nm (mean ± SE, n = 268). 

All of the 635 refold recordings can be grouped into three categories: no peaks 

(56.2%, n=357), correctly refolded events (16.9%, n = 107) and misfolded events (26.9%, n 

= 171). The correctly refolded group contains curves with either one peak or two peaks 

from refolded proteins. The misfolded cases are classified into three different groups: the 

curve has only one peak with a contour length increment smaller than N luc (12.3%, n = 

78), the curve has a peak with a contour length increment about 1.5 times of that of Nluc 

(5.0%, n = 32) and the curve has other types of misfolded events (9.6%, n = 61).  

In Figure 22a, we show 10 forceɬextension curves that have one peak during each 

refolding attempt from the correctly refolded proteins. All of them are superimposed at 

the bottom and the peaks overlap well with the unfolding event of N luc in the template 

(black curve). The histogram of contour length increment for the group of correctly 

refolded proteins is shown in Figure 22c. The distribution can be fit by a normal 

distribution with 59.61 ± 1.18 nm (mean ± SE, n = 117), which is consistent with the 

contour length increment of the unfolding events.  
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Figure 22: a) Ten examples of curves of refolded proteins. b) Ten examples of 

peaks with a smaller contour length increment s from misfolded proteins.  

The template is plotted in a black line for (a) and (b). The corresponding distributions 

of contour length increment s ÈÙÌɯÚÏÖÞÕɯÐÕɯȹÊȺɯÈÕËɯȹËȺȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ2ÛÜÙÎÌɀÚɯÍÖÙÔÜÓÈɯ

was used to calculate the number of bins for (c) and (d). Bin size of the total 

recordings was used for the refold (c) and misfold -1 (d) results for comparison.  
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Figure 22b shows 10 examples of refolding attempts of Ὅωρ ὔὰόὧὍωρ  from 

the group with the first type of misfolded event. Each curve has a peak showing a 

smaller contour length increment than N luc and matches well with each other when 

superimposed together at the bottom. The difference between these types of peaks and 

the normal N luc peaks can be observed at the bottom. This group dominates the left part 

of the distribution of contour length increment from distribution of the whole refolding 

attempt (in gray) , as shown in Figure 22d, and has a contour length increment of 36.85 ± 

1.05 nm (mean ± SE, n = 78). 

The second type of misfolding event can be seen in Figure 23a. In this group, 

there are 32 recordings and 10 of them are plotted in this figure. The peak in the 

superimposed curve located between the second and third peaks of Nluc in the 

template. The distribution is shown in Figure 23c with the contour length increment at 

91.31 ± 1.68 nm (mean ± SE, n = 32), which is 1.5 times that of Nluc. This type of 

misfolding event may be caused by the interaction between two N luc proteins. 
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Figure 23: (a) Ten examples of curves with peaks of a larger contour length 

increment. (b) Six curves of refolding attempts with different misfolding behavior.  

The template is plotted in black line. The corresponding distributions of contour 

length increment are shown in (c) and ȹËȺȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ2ÛÜÙÎÌɀÚɯÍÖÙÔÜÓÈɯÞÈÚɯÜÚÌËɯÛÖɯ

calculate the number of bins for (c) and (d). Bin size of the total recordings was used 

for the misfold -2 (c) and misfold -o (d) results for comparison.  
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Six curves with other types of misfolding behavior are shown in Figure 23b. The 

peak in the first recording lies between the first peak and second peak in the template. 

As a result, the contour length increment of this peak is twoɬthree times the contour 

length increment of N luc. Similarly, the second recording has a contour length 

increment twice that of N luc. As can be seen in the third, fourth and fifth curves, there 

might be two misfolded events appearing in each refolding attempt and this may lead to 

smaller contour length increments. We also found some curves have many nonspecific 

peaks during refolding  attempts (like the last one in Figure 23b) and these recordings are 

not included in the analysis. Due to the different types of misfolding behavior, the 

distribution of contour length increment (82.42 ± 7.02 nm, mean ± SE, n = 40) of this 

group (Figure 23d) is more distributed than other groups. Overall, it appeared that N luc 

was unable to refold robustly on its own and exhibited a variety of putatively misfolded 

structures during the cyclic measurements. 

3.3. Conclusions 

Although N luc was engineered to be thermally more stable and more robust as 

compared to Fluc, our results show it is a mechanically moderately weak protein that is 

unable to robustly refold itself correctly when denatured. Our results show each N luc 

repeat in our polyprotein behaving as a single domain protein, with a single mechanical 

unfolding event occurring on average when a force of 72 pN is applied to the protein. 

Additionally, we performed cyclic measurements, where the forces applied to a s ingle 
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protein were cyclically increased and lowered to allow the protein the opportunity to 

refold, and observed the protein was able to refold to its correct structure after 

mechanical denaturation only 16.9% of the time, while another 26.9% of the time there 

was evidence of protein misfolding to a potentially non -functional conformation. 

Because it is so highly luminescent when in its proper conformation, N lÜÊɀÚɯÉÙÐÎÏÛɯ

catalytic activity could potentially be observed during mechanically -induced 

denaturation and  renaturation. As such, it can be potentially useful as a substrate for 

studies of more complex, multi -component mechanisms of protein refolding (118), such 

as single-molecule structure/function studies of protein refolding that requires assistance 

from protein chaperones while simultaneously measuring catalytic activity.   
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4. Separating NanoLuc in polyprotein constructs results 
to improved refolding ability after mechanical 
unfolding during SMFS experiments 

Parts of this chapter were taken and combined from my following publication : 

D. Apostolidou Ȯɯ/ȭɯ9ÏÈÕÎȮɯ6ȭɯ8ÈÕÎȮɯ/ȭ$ȭɯ,ÈÙÚáÈÓÌÒȮɯɁ,ÌÊÏÈÕÐÊÈÓɯ4ÕÍÖÓËÐÕÎɯÈÕËɯ

Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer 

2ÐÔÜÓÈÛÐÖÕÚɂȮɯ!ÐÖÔÈÊÙÖÔÖÓÌÊÜÓÌÚɯƖƗɯȹƕƖȺȮɯƙƕƚƘ-5178 (2022) (86). 

4.1. Introduction 

Unlike the previous chapter, h ere, we explore the mechanical unfolding and 

refolding of Nluc in a new poly -protein construct, in which the three Nlucs are 

separated by the titin I91 domains. Similar  to the previous chapter, these studies can 

potentially be used in  many bioengineering applications, e.g. in novel, bioluminescent, 

force-sensing probes and elastic (bio)materials with mechanically controlled light 

output. We also envision exploiting Nluc in more fundamental studies such as using 

Nluc as a viable alternative to Fluc in the chaperone assisted protein refolding as a new 

substrate (49, 56, 118)ȭɯ'ÖÞÌÝÌÙȮɯÐÕɯÚ×ÐÛÌɯÖÍɯÐÛÚɯÎÙÌÈÛɯ×ÖÛÌÕÛÐÈÓȮɯ-ÓÜÊɀÚɯÚÛÙÜÊÛÜÙÌ-

mechanics properties have not been adequately characterized so far. 

In the previous chapter, we showed our study of AFM -based SMFS of Nluc (85), 

in which  we used a polyprotein Nluc construct composed of three tandem repeats of 

Nluc flanked by the I91 titin domain , or Ὅωρ ὔὰόὧὍωρ. In this construct, the I91 
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domains serve as pulling handles and provide a single-molecule mechanical fingerprint 

(117, 228, 231, 234). This construct is characterized by an increased bioluminescence, as 

compared to monomeric Nluc (by more than 2.5 times) and displayed interesting 

nanomechanical behavior (85). When stretched in an AFM, Nluc domains appeared to 

be moderately strong and unfolded one by one, producing a set of 3 unfolding force 

peaks of approximately 70 pN (at stretching speeds of 0.05-0.25 nm/ms) and contour 

length increments of approximately 64  nm, consistent with its 171 amino acid length 

(85). Once mechanically unfolded, Nluc domains surprisingly displayed a strong 

misfolding propensity in cyclic mechanical stretch and relax measurements, refolding 

correctly only in approximately 17% of the cycles (85)ȭɯ3ÏÐÚɯɁËÐÚÈ××ÖÐÕÛÐÕÎɂɯÔÌÊÏÈÕÐÊÈÓɯ

ÙÌÍÖÓËÐÕÎɯÉÌÏÈÝÐÖÙɯÖÍɯ-ÓÜÊɯÐÚɯÝÌÙàɯÐÕÛÌÙÌÚÛÐÕÎɯÊÖÕÚÐËÌÙÐÕÎɯ-ÓÜÊɀÚɯÚÔÈÓÓɯÈÕËɯÙÖÉÜÚÛɯƗ#ɯ

structure (94, 96) and warranted further investigation that could contribute to an 

ÜÕËÌÙÚÛÈÕËÐÕÎɯÖÍɯ×ÙÖÛÌÐÕÚɀɯÚÛÙÜÊÛÜÙÌ-mechanics relationship (119, 130, 207, 212, 235, 236) 

and could reveal its potential as a chaperone substrate.  

We hypothesized that the design of our original construct may have contributed 

to its misfolding propensity, by allowing identical amino acid sequences from different 

domains to mix while in the unfolded and relaxed state (237). In contrast, other 

engineered homopolyproteins such as poly I91 domains of titin or poly ubiquitin, 

generally refold correctly and misfold only occasionally (238). Thus, to examine this 

hypothesis, we developed new Nluc constructs with multiple Nluc repeats separated 
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from each other by I91 domains; and another one with a single Nluc protein flanked by 

I91 domains and examined these in AFM-based SMFS measurements. These 

experiments indicate that separating Nluc repeats from each other greatly enhances their 

ability to r efold correctly after mechanical unravelling.  

In this report we also characterize for the first time the mechanical unfolding and 

refolding properties of Nluc in silico. Specifically, our collaboration with Dr. Weitao 

8ÈÕÎɀÚɯÎÙÖÜ×ɯÈÕËɯÏÐÚɯÛÏÌÕɯ/Ï#ɯÚÛÜËÌÕÛɯ/ÈÕɯ9ÏÈÕÎɯÙÌÚÜÓÛÌËɯÛÖɯÚÛÜËÐÌÚɯÖÍ coarse-grained 

unfolding steered molecular dynamics simulations of a monomeric Nluc and on Nluc 

dyads and triads. In parallel, we performed  multiple all atom steered molecular 

dynamics simulations of solvated Nluc monomer to characterize in detail its mechanical 

unfold ing pathway(s). We find both experimentally and computationally that in 

addition to unfolding in a two -state fashion, Nluc may also unfold through a mechanical 

unfolding intermediate. Our observations indicate that Nluc is not only a powerful 

molecular beacon for in vivo cellular studies, but also an interesting polypeptide for 

numerous bioengineering applications and fundamental studies.  

Although, Nluc has been available and frequently used since 2012 (94), its 

folding and mechanics have not been studied extensively. From the protein mechanics 

point of view, the arrangement of ϕ-strands in Nluc is also quite unusual. The first, N -

terminal ϕ-strand (strand A, Figure 9) makes a 90° turn to bind to the last C -terminal ϕ-

strand (strand J), in an antiparallel geometry. This results in an unusual bonds topology, 
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which is neither shear-like (189, 228, 233, 237, 239, 240) nor zipper -like (144, 240ɬ243), 

when the protein is pulled apart by its termini. A somewhat similar topology is 

displayed by a much smaller src SH3 domain (PDB code 1SRL) that revealed an 

interesting mechanical anisotropy in single -molecule force spectroscopy (SMFS) 

measurements by optical tweezers (239)ȭɯ%ÖÙɯÖÜÙɯÐÕÐÛÐÈÓɯÚÛÜËàɯÖÍɯ-ÓÜÊɀÚɯÔÌÊÏÈÕÐÊÚɯÉàɯ

AFM, we engineered a protein construct with three tandem repeats of Nluc connected 

through a linker of 5 amino acids, along with titin I91 domains flanking the Nluc 

proteins resulting to the Ὅωρ ὔὰόὧὍωρ (85). There are three advantages of making 

the construct in such an order, with three Nluc modules in the center flanked by two I91 

domains on both sides. First, the I91 domains provide pulling handles and some spacing 

between the Nlucs (protein of interest) and the substrate surface and the AFM cantilever 

tip, which minimizes nonspecific interactions of the central protein with both surfaces. 

Second, the I91 domains have been extensively studied mechanically in the past (117, 

180). These domains are known to produce a single unfolding peak (each) with the 

rupture force, and their contour length increment and persistence length are already 

well characterized. Therefore, a single full length recording of the Ὅωρ ὔὰόὧὍωρ 

construct, which occurs when the construct is stretched from N - to C-terminus, would 

have four characteristic peaks of I91 domains demonstrating that the entire construct 

was stretched and unfolded completely. Since Nluc proteins are in the center of the 

construct, they too will unfold, producing their own unfolding peaks. As we previously 



 

93 

established (85), they are mechanically weaker than I91 domains, therefore unfold prior 

to the latter. A third advantage of this construct is that it enables us to record the 

unfolding of three Nluc proteins from one single molecule, increasing our statistics per 

molecule and overall number of unfolding events. Also, registering three similar 

unfolding events per three Nlucs in a single force spectrogram gives a stronger 

molecular fingerprint as compared to a single peak, allowing us to establish a 

ɁÛÌÔ×ÓÈÛÌɂɯÛÖɯÞÏÐÊÏɯÖÛÏÌr measurements can be compared, enhancing data 

reproducibility. However, due to the proximity of the three Nluc repeats and the 

probability of misfolding among the three Nlucs during cyclic experiments, we recently 

developed a new construct that had the same total number of modules, but in different 

order. The new construct is ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ. In this case we 

ÈÎÈÐÕɯÏÈÝÌɯ(ƝƕɯËÖÔÈÐÕÚɯÈÛɯÛÏÌɯ-ɀɯÈÕËɯ"ɀɯÛÌÙÔÐÕÐɯÈÚɯÚ×ÈÊÌÙÚȮɯ×ÙÌÝÌÕÛÐÕÎɯ-ÓÜÊɯÍÙÖÔɯÕÖÕ-

specifically binding to the surfac es. The other two I91 domain are placed between the 

three Nlucs acting as additional linkers separating them. We also developed a new 

ÊÖÕÚÛÙÜÊÛɯÞÐÛÏɯÈɯÚÐÕÎÓÌɯ-ÓÜÊɯÐÕɯÖÙËÌÙɯÛÖɯÍÜÙÛÏÌÙɯ×ÙÌÝÌÕÛɯ-ÓÜÊɀÚɯÔÐÚÍÖÓËÐÕÎɯËÜÌɯÛÖɯÊÖÕÛÈÊÛɯ

with other Nluc modules, a possi bility that cannot be excluded even when Nluc 

modules are separated by I91 domains, because Nluc polypeptide chains can come to 

ÊÓÖÚÌɯÊÖÕÛÈÊÛɯËÜÙÐÕÎɯÛÏÌɯÔÖÓÌÊÜÓÌɀÚɯÙÌÓÈßÈÛÐÖÕɯÚÛÌ×ɯÐÕɯÜÕÍÖÓËÐÕÎ-refolding cyclic 

experiments. This construct is Ὅωρ ὔὰόὧὍωρ. In the end, all three constructs, which 

were bioluminescent (both constructs with three Nlucs were ~3x brighter than the 
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monomeric Nluc and the single Nluc construct for same concentrations and 

experimental conditions), provided an opportunity for a thorough investigation of 

-ÓÜÊɀÚɯÔÌÊÏÈÕÐÊÈÓɯÉÌÏÈÝÐÖÙȮɯÈÕËɯÛÏÌɯÖÙÐÎÐÕɯÖÍɯÐÛÚɯÔÐÚÍÖÓËÐÕÎɯ×ÙÖ×ÌÕÚÐÛàȭ  

4.2. Results and Discussion 

4.2.1. The mechanical unfolding behavior of Nluc in ╘ ╝■◊╬
╘ , ╘ ╝■◊╬╘ , and  ╘ ╝■◊╬╘ ╝■◊╬╘
╝■◊╬╘ is similar 

We first conducted full length SMFS stretching experiments on our two new 

Nluc constructs and compared these results to the force-extension data obtained 

previously on the Ὅωρ ὔὰόὧὍωρ construct (Figure 24). For the two constructs with 

three Nluc modules we observed three characteristic smaller Nluc peaks preceding the 

larger I91 peaks. Those recordings overlap well regardless of the specific arrangement of 

Nluc in the constructs (Figure 24). The construct with a single Nluc module flanked by 

I91 domains, consistent with its design, displayed a single smaller unfolding force peak. 

This peak preceded I91 peaks and overlapped well with the Nluc unfolding force peaks 

of the other two constructs. 
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Figure 24: Force extension curves of the full mechanical unfolding of the three 

constructs.  

╘ ╝■◊╬╘  (green, pulling speed 0.25 nm/ms) (85), ╘ ╝■◊╬╘

╝■◊╬╘ ╝■◊╬╘  (red, pulling speed 0.5 nm/ms) and ╘ ╝■◊╬╘  

(blue, pulling speed 0.25 nm/ms).  Results show that all three constructs have similar 

behavior when fully stretched. All constructs unfolding curves begin with the 

unfolding of the Nluc proteins (highlighted in the black box), followed by the 

mechanically stronger I91 titin domains. The rupture peaks of both Nluc and I91 for 

all three const ructs demonstrates good overlap, supporting correct folding of the 

proteins in all constructs.  

These observations suggest that the mechanical stability of Nluc is comparable in 

all our constructs. These observations also demonstrate that Nluc is in its folded state in 

all these constructs and that neither neighboring Nluc modules nor I91 domains 

significantly ÈÍÍÌÊÛɯÌÈÊÏɯÖÛÏÌÙɀÚɯÍÖÓËÐÕÎɯin vivo.  
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We note that the exemplary recordings shown in Figure 24 are representative of 

measurements performed on full length proteins that happened to attach to the AFM tip 

and substrate through their terminal fragments. However, most of our SMFS recordings 

ÞÌÙÌɯɁÓÌÚÚɯ×ÌÙÍÌÊÛɂɯÐÕɯÛÏÈÛɯÖÕÌɯÖÙɯÔÖÙÌɯÜÕÍÖÓËÐÕÎɯ×ÌÈÒÚɯÍÙÖÔɯÛitin I91 domains were 

missing due to a random nature of attachment of the protein to the tip (and substrate). 

$ßÈÔ×ÓÌÚɯÖÍɯÛÏÌÚÌɯɁ×ÈÙÛÐÈÓɂɯÙÌÊÖÙËÐÕÎÚɯÈÙÌɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯ26(b) for Ὅωρ ὔὰόὧὍωρ 

(dark blue) . Look at Appendix A for examples on ὍωρὔὰόὧὍωρὔὰόὧὍωρ

ὔὰόὧὍωρȭɯ ÍÛÌÙɯÌÚÛÈÉÓÐÚÏÐÕÎɯÛÏÌɯɁÛà×ÐÊÈÓɂɯÜÕÍÖÓËÐÕÎɯÉÌÏÈÝÐÖÙɯÖÍɯÌÝÌÙàɯÊÖÕÚÛÙÜÊÛɯÍÙÖÔɯ

full length recordings, partial recordings with less I91 domains were also included in 

our analysis to increase the statistics without undermining the validity of our results. 

These partial recordings overlap well with the full length traces. However, they may 

slightly differ among each other (e.g. the magnitude of the unfolding force or small 

variations in the contour length increments). This is due to the stochastic nature of the 

ÍÖÙÊÌËɯÜÕÍÖÓËÐÕÎȮɯÔÌÈÚÜÙÌÔÌÕÛÚɀɯÙÈÕËÖÔɯÌÙÙÖÙÚȮɯÈÕËɯÚÖÔÌɯÔÖÙÌɯÚàÚÛÌÔÈÛÐÊɯÌÙÙÖÙÚɯ

ÙÌÚÜÓÛÐÕÎɯÍÙÖÔɯÌȭÎȭɯÛÏÌɯÝÈÙÐÈÛÐÖÕɯÐÕɯÛÏÌɯ×ÜÓÓÐÕÎɯÈÕÎÓÌɯÈÕËɯ %,ɯÊÈÕÛÐÓÌÝÌÙɀÚɯÚ×ÙÐÕÎɯ

constant calibration uncertainty (244, 245).  Recordings showing large nonspecific 

adhesive interactions, represented by irregular force peaks that appear usually at the 

beginning of the extension process, as well as recordings suggestive of more than one 

molecule being stretched (e.g. as indicated by significant irregularities in I91 unfolding 

force peaks) were not included in the analysis. 
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Overall, our results indicate that Nluc unfolds with similar mechanical 

characteristics in all constructs studied. Histograms of contour length increment s (nm) 

and unfolding force s (pN) of N luc are presented in Figure 25 for ὍωρὔὰόὧὍωρ

ὔὰόὧὍωρὔὰόὧὍωρ and Ὅωρ ὔὰόὧὍωρ. As we can see from our histograms the 

distributions are in good agreement.  

 

Figure 25: Histograms of (a) the contour length increment ( ◕╛╬) and (b) the 

unfolding forces (F) of Nluc after the WLC fitting .  

For the fitting we used  the recordings collected by  full length SMFS stretching 

experiments of ╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘  (red) and ╘ ╝■◊╬

╘  (blue).  

Calculated mean values and standard errors of the mean of the unfolding force, 

contour length increment and persistence length are shown in Table 1. We also 

compared our results to those of the Ὅωρ ὔὰόὧὍωρ construct (85). We observe a 

general agreement in values among the three constructs establishing Nluc is able to 

correctly fold in all three constructs. Somewhat surprisingly, the unfolding forces for the 

two new constructs are on average lower than for Ὅωρ ὔὰόὧὍωρ (statistically 
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significant when compared individually to both constructs in this study, look at 

Appendix A for more details ). However, the contour length increment and persistence 

length seem to be more consistent among the constructs. The numbers of recordings, n 

are shown for each construct in Table 1 (85). 

Table 1: Unfolding forces (F), contour length increment ( ἘἫ), persistence 

length (p), and number of recordings (n) for the three constructs.   

 Every value has the mean and standard error of the mean.  

Construct F [pN] ɝ, [nm] p [nm] n 

I912-Nluc3-I912 72 ± 3 64 ± 1 0.4 54* 

I91-Nluc-I91-Nluc-I91- 

Nluc-I91 

55 ± 1 58 ± 1 0.50 ± 0.02 220 

I912-Nluc-I914 58 ± 5 61 ± 2 0.57 ± 0.08 47 

* (ref (85)) 

4.2.2. Nluc unfolding shows single and double force peaks 

In our initial study of Ὅωρ ὔὰόὧὍωρ we have reported that Nluc modules 

unfold with a single force peak, each, in an all-or-none fashion. However, in this study 

on ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ and Ὅωρ ὔὰόὧὍωρ, we also 

occasionally observed two closely spaced peaks where in other recordings typically only 

one peak was present. This observation suggests that a stepwise unfolding of Nluc is 

also possible. Overlapping recordings with single and double peaks (Figur e 26), suggest 

that the contour length increment following a single unfolding event is similar to the 

overall length increment resulting from double -peak events. This behavior was observed 
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for both constructs as shown in Figure 26. A full length recording for Ὅωρ ὔὰόὧὍωρ 

with double peaks and all six I91 titin domains unfolded can be found in Appendix A . 

 

Figure 26: Recordings of full unfolding with double peaks for a Nluc protein 

for a) ╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘  and b) ╘ ╝■◊╬╘ .  

For ╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘  only one of the Nlucs show double 

peaks (red), while the other two are single peaks (pulling speed 0.25 nm/ms). For 

╘ ╝■◊╬╘  the Nluc (blue) shows two peaks (pulling speed 0.3 nm/ms). Both 

constructs were overlapped with recordings of the same construct in which all Nluc 

peaks were single (with pink (a) and light blue (b)). For ╘ ╝■◊╬╘ ╝■◊╬

╘ ╝■◊╬╘  colored in pink the pulling speed was 0.5 nm/ms and for ╘

╝■◊╬╘  colored in light blue the pulling speed was 0.25 nm/ms.  

When analyzing all Nluc unfolding force peaks in our SMFS recordings, we 

determined that 91% (n=220) are single and 9% (n=21) are double peaks for Ὅωρὔὰόὧ

ὍωρὔὰόὧὍωρὔὰόὧὍωρ, while 61% (n=47) are single and 39% (n=30) are double 

peaks for Ὅωρ ὔὰόὧὍωρ. The cause behind this difference is currently not clear and 

warrants further studies.  

In Figure 27a and 27b we present an overlay of violin plots of the rupture 

(unfolding) force for single peaks, and 1 st and 2nd peaks of double peaks for Ὅωρὔὰόὧ
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ὍωρὔὰόὧὍωρὔὰόὧὍωρ and Ὅωρ ὔὰόὧὍωρ, respectively. We conclude that 

all these events cover the same range of forces. Figure 27c and 27d show scatter plots of 

the unfolding forces against the corresponding contour length  increment for both 1 st and 

2nd peaks of one Nluc molecule. These demonstrate that the clustering of the rupture 

forces is within the same range for ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ and  

Ὅωρ ὔὰόὧὍωρ, respectively.  

 

Figure 27: Violin plots of unfolding force, ╕, for single peaks .  

We present the 1st of 2 of double peaks, and 2 nd of 2 peaks of double peaks for (a) 

╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘ , and (b) ╘ ╝■◊╬╘ . Scatter 
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plots of unfolding force, ╕, versus contour length increment, ◕╛╬, showing the 

distribution and clustering of the 1 st and 2nd peaks for double peaks for (c) ╘

╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘ , and (d) ╘ ╝■◊╬╘ . For ╘ ╝■◊╬

╘ ╝■◊╬╘ ╝■◊╬╘  (n=32) and for ╘ ╝■◊╬╘  (n=30). 

We performed a separate analysis for both 1st and 2nd peaks of double peak 

events, to calculate the mean and standard error of the mean of F, ɝ,Ã and p for both 

constructs and the results are shown in Table 2. Both constructs demonstrate significant 

agreement in the results of unfolding forces and persistence length with some 

interesting differences in the contour length increment. In  ὍωρὔὰόὧὍωρὔὰόὧ

ὍωρὔὰόὧὍωρ the 1st peak is associated with ɝ, ςρσ ὲά, while for  Ὅωρ

ὔὰόὧὍωρ it is ɝ, ρςς ὲά. In order to further understand  the elements 

contributing to the generation of single and double peaks for a single Nluc protein, we 

performed SMD simulations, and our findings are discussed later. 

Table 2: Unfolding forces (F), contour length increment ( ἘἫ), persistence 

length (p) for 1 st and 2nd of double peaks per Nluc protein .  

Data are from full unfolding recordings of the ╘ ╝■◊╬╘ ╝■◊╬╘

╝■◊╬╘  and  ╘ ╝■◊╬╘ . Every value has the mean and standard error o f 

the mean. 

Construct I91-Nluc -I91-Nluc -I91-Nluc -I91 I912-Nluc -I914 

F [pN] 1 st of 2 peaks  65 ± 4 63 ± 7 

F [pN] 2 nd of 2 peaks 53 ± 5 55 ± 4 

ɝ, [nm] 1 st of 2 peaks 21 ± 3 12 ± 2 

ɝ,Ã [nm] 2 nd of 2 peaks 43 ± 4 53 ± 2 
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p [nm] 1 st of 2 peaks 0.51 ± 0.05 0.50 ± 0.07 

p [nm] 2 nd of 2 peaks 0.55 ± 0.09 0.47 ± 0.07 

Lastly, we confirmed that both peaks within double peaks likely originate from 

the same Nluc module. This was done by comparing the sum of the ɝ,Ã of the double 

peaks (1st and 2nd) to the ɝ,Ã of the single peaks for both constructs. In Figure 28, 

histograms of the two distributions are presented. As expected from the results in Table 

2, the combined contour length increment of the double peaks is matching the one of the 

single peaks. As expected, this is further supporting that the two split peaks and the 

single peak are reflecting the unfolding of one Nluc protein.  

 

Figure 28: Histograms of the combined contour length increments of the 

double peaks compared to those of the single peaks .  

 The distributions  for (a) ╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘  and (b) ╘

╝■◊╬╘  show that ◕╛╬ȟ▼░▪▌■▄ is overlapping well with  ◕╛╬ ◕╛╬  indicating that 

the two peaks of the double peaks are originated from the unfolding of one Nluc 

protein.  
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4.2.3. Cyclic unfolding/refolding SMFS experiments of Nluc 
demonstrate it can refold robustly when separated by I91 domains 

Cyclic experiments were also performed during which the protein molecules 

were stretched and relaxed in a repetitive manner using down -mode operation. These 

Ìß×ÌÙÐÔÌÕÛÚɯÈÙÌɯÊÖÕÚÌØÜÌÕÛÐÈÓɯÐÕɯ×ÙÖÝÐËÐÕÎɯÚÐÎÕÐÍÐÊÈÕÛɯÐÕÍÖÙÔÈÛÐÖÕɯÖÕɯÛÏÌɯ×ÙÖÛÌÐÕɀÚɯ

ability to corr ectly refold or their tendency to misfold. Therefore, these are valuable in 

collecting information on unfolding/refolding pathways of the protein and its possible 

intermediates. Our previous study on the Ὅωρ ὔὰόὧὍωρ showed that in 56.2% of 

refolding cycles Nluc was not refolding correctly (no peaks),  in 16.9% correct refolding 

was observed, and in 26.9% misfolding occurred (85).  

For the ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ construct we registered 

n=118 cyclic recordings with 61.9% (n=73) having one to three Nluc native or near native 

peaks, 16.9% (n=20) being misfolded cases and 21.2% (n=25) being unfolded cases (no 

peaks). We further split the misfolded cases in two subcategories with 11.0% of total 

recordings (n=13) having misfolding that did not show any Nluc peaks, and 5.9% (n=7) 

of total recordings that had one or two Nluc peaks that were native or near native with 

some misfolding for the other Nluc(s) modules. Similarl y, for  Ὅωρ ὔὰόὧὍωρ we 

split our n=93 cyclic recordings into three categories. The first one had Nluc peaks being 

native or near native (40.9%, n=38), the second had misfolding with no clear Nluc peaks 

(24.7%, n=23), and third had no refolding of Nluc (34.4%, n=32). For the  Ὅωρ ὔὰόὧ
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Ὅωρ construct we also registered n=21 cyclic recordings that indicated significant 

instrumental drift.  For those n=21 recordings it was impossible to reliably determine the 

extension of Nluc and its unfolding/refolding status. Thus, those recordings were not 

included in the above analysis. Some drift was also observed in SMFS measurements of 

the ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ construct. However, since there are 

three Nluc peaks at the beginning of the recording, the limited drift still allowed  us most 

of the times to observe one or two Nluc unfolding behavior if they occurred. This is a 

good demonstration of the advantage of having multiple repeats of the same protein to 

be studied in cyclic measurements. In Figure 29 we demonstrate examples of cyclic 

measurements for both constructs. 

 

Figure 29: Force-extension recordings of cyclic measurements for (a) ╘

╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘  and (b) ╘ ╝■◊╬╘ .  

For both (a) and (b) we are comparing the partial cyclic measurements with a 

representative of the full unfolding for both const ructs. All unfolding and cyclic 

measurements were for one single molecule that was continually unfolded, relaxed, 

and refolded until it detached from either the cantilever  or the surface. For (a) and (b) 
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we color coded the 1st partial unfolding curve with light blue, followed by the various 

cycles in order. We do not demonstrate the relaxation curves, since they did not show 

any forces being generated. For ╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘  in (a) 

the full recording in had pulling speed of 0.5 nm/ms, the unfolding curve had 0.25 

nm/ms (blue), the 1 st cyclic had 0.25 nm/ms (orange), the 2nd cyclic had 0.25 nm/ms 

(green), and the 3rd cyclic had 0.15 nm/ms (red). For  ╘ ╝■◊╬╘  in (b) the full 

recording in had pulling speed of 0.25 nm/ms, the unfolding curve had 0.1 nm/ms 

(blue), the 1st cyclic had 0.1 nm/ms (orange), the 2nd cyclic had 0.1 nm/ms (green), the 

3rd cyclic had 0.1 nm/ms (red), the 4th cyclic had 0.1 nm/ms (purple), and the 5 th cyclic 

had 0.1 nm/ms (brown).  

Our findings are very interesting given our previous studies of the Ὅωρ

ὔὰόὧὍωρ construct showed that 16.9% of recordings correctly refolded, while 56.2% 

would not refold and 26.9% would misfold. In both of our new constructs, the 

percentage of correctly refolding Nluc modules was significantly higher as compared to 

the percentage of misfolding modules. Given the unfolded states were observed in the 

majority of the recordings for Ὅωρ ὔὰόὧὍωρ construct, it supports our hypothesis 

that when Nlucs are linked to each other, they are prone to misfolding in cyclic 

unfolding/refolding measurements and that possibility is largely eliminated when 

Nluc(s) is flanked by other proteins. This hypothesis wa s further supported by our 

preliminary in silico studies of thermal unfolding and refolding of three tandem Nluc 

domains, which suggest the possibility of domain swapping between neighboring Nlucs 

may be involved in this misfolding process. In contrast, s ingle Nluc is able to correctly 

refold in our simulations. These studies are a work in progress and more investigation is 

required.  
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Our analysis of the mean and standard error of the mean of the unfolding forces, 

contour length increment and persistence length for the cyclic measurements are shown 

in Table 3. Again, as observed in the full-length recordings of the two constructs, we 

recorded single and double peaks per Nluc molecule during these measurements. For 

Ὅωρ ὔὰόὧὍωρ single peaks were 55% (n=22) and double peaks were 40% (n=16), 

while for ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ 91% (n=117) represent single 

peaks and 9% (n=12) reveal double peaks. Interestingly, these percentages for both 

constructs are similar to the ones we found in non-cyclic, full unfolding experiments . 

Also, the results in Table 3 show similar behavior between the two constructs regardless 

of single or double peaks per Nluc protein. Interestingly, the ɝ,Ã of the first peak for 

both constructs is 17-18 nm which is an in between value of the two constructs in full 

length recordings (ɝ, ςρ ὲά and ɝ, ρς ὲά). Additionally, we observe that during 

cyclic measurements the forces and persistence length give slightly smaller values for 

both constructs. 

Table 3: Unfolding forces (F), contour length increment ( ἘἫ), persistence 

length (p) for single and double peaks (separated as 1 st and 2nd of 2 peaks).  

Peaks are per Nluc protein  from cyclic unfolding recordings of  the ╘ ╝■◊╬

╘ ╝■◊╬╘ ╝■◊╬╘  and ╘ ╝■◊╬╘ . Every value has the mean 

and standard error of the mean.  

Construct I91-Nluc -I91-Nluc -I91- Nluc -I91 I912-Nluc -I914 

F [pN] single peaks 50 ± 1 46 ± 3 
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F [pN] 1 st of 2 peaks  57 ± 6 48 ± 5 

F [pN] 2 nd of 2 peaks 49 ± 5 34 ± 6 

ɝ,Ã [nm] single peaks 59 ± 2 54 ± 3 

ɝ,Ã [nm] 1 st of 2 peaks 17 ± 3 18 ± 2 

ɝ,Ã [nm] 2 nd of 2 peaks 42 ± 6 42 ± 4 

p [nm] single peaks 0.48 ± 0.03 0.34 ± 0.06 

p [nm] 1 st of 2 peaks 0.41 ± 0.07 0.33 ± 0.04 

p [nm] 2 nd of 2 peaks 0.51 ± 0.09 0.18 ± 0.03 

4.2.4. Mechanical unfolding of Nluc in silico 

To gain an insight into structural rearrangements of Nluc under force, we 

performed numerous coarse-grained (CG) and all atom steered molecular dynamics 

ȹ2,#ȺɯÚÐÔÜÓÈÛÐÖÕÚȭɯ'ÌÙÌȮɯÞÌɯÚÛÈÙÛɯÉàɯÐÕÛÙÖËÜÊÐÕÎɯ-ÓÜÊɀÚɯÚÛÙÜÊÛÜÙÌɯÈÚɯÖÉÛÈÐÕÌËɯÉàɯ/#!ɯ

file 5IBO, and we proceed by describing the results from the CG-SMD calculations, 

followed by all atom -SMD simulations.  

4.2.4.1. All -atom SMD simulations of Nluc  

Our experimental results have shown that Nluc mostly unfolds producing one 

rupture force peak, but in a significant number of experiments, particularly when using 

the monomeric Nluc construct, we also observed two rupture force peaks per Nluc. The 

possibility of two different unfolding pathways has not been observed in CG -SMD 
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simulations, which captured a single major force peak for each Nluc. This result may 

reflect the limitation of the CG approach that averages out details of intramolecular 

ÐÕÛÌÙÈÊÛÐÖÕÚȭɯ(ÕɯÖÙËÌÙɯÛÖɯÈÊØÜÐÙÌɯÈÛÖÔÐÚÛÐÊɯÓÌÝÌÓɯÐÕÍÖÙÔÈÛÐÖÕɯÈÉÖÜÛɯ-ÓÜÊɀÚɯÔÌÊÏÈÕÐÊÈÓ 

unfolding pathways we performed all -atom, explicit solvent SMD simulations. These 

may provide greater insight into the response of structure -stabilizing interactions during 

the mechanical unfolding of proteins.  

Ɂ+ÈÙÎÌɯÉÖßɂɯ2,#ɯÚÐÔÜÓÈÛÐÖÕÚɯ 

We performed in total six all -atom, explicit solvent SMD simulations of Nluc in a 

large water box containing approximately 193,000 atoms ȹÚÌÌɯɁNluc large box 

simulationȭÈÝÐɂɯÍÖÙɯÖÕÌɯÖÍɯÛÏÌɯÚÐÔÜÓÈÛÐÖÕÚȺȭ 

Its longest dimension was approximately 440 Å to accommodate unfolding of 

most of the Nluc chain, with its expected contour length of 620 Å. Each simulation took 

approximately 2 months on a simple Linux  desktop computer equipped with e.g. an I9 

8-core processor and a GTX 980Ti or GTX 1070 GPU. An overlay of six force extension 

curves determined from those simulations is shown in Figure 30. In contrast to CG-SMD 

simulations, all atom simulations show richer force spectrograms with a greater number 

of force peaks of varying magnitude , occurring at slightly different extensions in 

different SMD runs. In Figure 30, we grouped these major force peaks, which stand out 

from the simulation noise, as A, B and C according to the extensions at which they occur 

of approximately 4, 11 and 32 nm, respectively. As in AFM -based SMFS experiments, the 
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molecular extension is defined here as the projection of the end-to-end vector on the 

pulling axis.  

 

Figure 30: Force-extension profiles for the six all -atom SMD simulations with 

constant velocity in the large box.   

With A, B, and C we identify force peaks generated by breaking of the secondary 

structures, located approximately 4, 11 and 32 nm, respectively.  

We examined the molecular trajectories of these SMD simulations and focused 

on the timepoints at which major force peaks occurred for every simulation. Consistent 

in all but one simulation (that did not produce a strong first peak A, but produced a 

promine nt peak C), the maximum force of the force peaks in group A occurs when the 

ÔÖÓÌÊÜÓÌɯÐÚɯÏÐÎÏÓàɯÛÌÕÚÌËɯÑÜÚÛɯÉÌÍÖÙÌɯÛÏÌɯÚÛÙÈÕËɯϕ)ɯÚÛÈÙÛÚɯ×ÌÌÓÐÕÎɯÖÍÍɯÍÙÖÔɯÐÛÚɯϕ-sheet. 

Then, the force decreases when hydrogen bonds of the ϕJ with the ϕA and ϕI strands are 

breaking ( look at Appendix A for more details ). This observation is consistent with the 

main result from our GC simulations.  
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Up to this point both the CG and all atom simulations suggest that twisting of 

the ϕA strand, allowing it to make contact with the two ϕ-sheets, provides rather a 

ÔÖËÌÙÈÛÌɯÔÌÊÏÈÕÐÊÈÓɯÚÛÈÉÐÓÐÛàɯÛÖɯ-ÓÜÊɯÞÏÌÕɯÚÛÙÌÛÊÏÌËɯÉàɯÐÛÚɯ-ɀɯÈÕËɯ"ɀɯÛÌÙÔÐÕÐȭɯɯ3ÏÐÚɯ

strength reflects the structural arrangement of Nluc, positioning only a small part of its 

bonds in a stretch-resisting geometry against the applied force (a0 helix, ϕA- ϕJ 

interactions). At the same time, the ϕJ-ϕ(ɯÉÖÕËÚɯÈÙÌɯÖÙÐÌÕÛÌËɯÐÕɯÈɯɁÞÌÈÒɂɯáÐ××ÌÙɯÓÐÒÌɯ

geometry and break one by one under force. The appearance of the first major unfolding 

force peak (A) early in the stretching process is consistent with our experimental SMFS 

measurements. 

Following the first unzipping and detachment of the ϕ)ɯÚÛÙÈÕËȮɯ-ÓÜÊɀÚɯÜÕÍÖÓËÐÕÎɯ

follows somewhat different pathways in different SMD runs. However, common events 

in the second phase of the unfolding process involve strand ϕA sliding out of the 

structure (consistent with our GC results), while breaking its stabilizing interactions 

with strands ϕB and ϕ(ȭɯ3ÏÌÚÌɯÌÝÌÕÛÚɯÖÊÊÜÙɯÈÛɯ-ÓÜÊɀÚɯÌßÛÌÕÚÐÖÕɯÈÙÖÜÕËɯƕƔɯÕÔȮɯÛÏÜÚɯÓÐÒÌÓàɯ

contribute to the group of force peaks marked as B (look at Appendix A for more 

details). What happens next is the separation of the N-terminal part (lobe) of the protein 

from the C-terminal part, following the rupture of the H -bonds between strands ϕD and 

ϕE.  ϕD  remains with the N -terminal part and ϕE connected to ϕF moves together with 

the ϕ sheet still formed by strands G, H and I. This event occurs at extensions between 

major peak B and C in SMD force spectrograms, but by itself does not generate a 
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significant force peak. Further events vary between SMD runs suggesting a highly 

stochastic nature of this forced unfolding, with the majority of the trajectories indicating 

unfolding of the N -terminal part preceding the unfolding of the remaining sheet fo rmed 

by strands ϕE-ϕI. However, one of the simulations that was run to complete unfolding of 

the protein, showed the ϕE-ϕI sheet breaking first with the ϕB-ϕD breaking later along 

with the unfolding of the helices between these sheets. Thus, force peak C may be 

related to the unfolding of either N - or C-terminal sections of Nluc ( look at Appendix A 

for more details) and more large box complete unfolding simulations are required to 

determine the prevalence of either pathway. It is interesting to note that all atom SMD 

simulations identified three major force peaks when unfolding a single Nluc protein. 

AFM -based SMFS measurements identified only two force peaks, the first appearing 

early in the stretching process and the second during the later phase of the unfolding 

process. Of note is the fact that the second force peak, recorded for our construct with a 

single Nluc domain, tends to appear closer to the first peak (ɝ,Ã between both peaks is 

~12 nm, see Table 2). In comparison, the second unfolding peak of the construct with 

three Nluc domains tends to be separated from the first peak by ɝ,Ã of 21 nm. Thus, it is 

possible that the prevalent non-two -state unfolding pathway proceeds as N­ A­ B­ U 

for a single Nluc domain, while for the triple Nluc construct it is N ­ A­ C­ U, where 

N is the native state, A represent the first major unfolding event, B and C represent 

unfolding intermediates and U represent the unfolded state. However, more SMFS and 
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SMD experiments/simulations are needed to verify this conjecture. We note that 

changing the pulling direction from N ­ C to the opposite (C­ N) did not significantly 

change the unfolding pathway ( look at Appendix A for more details) , with the 

detachment of strand ϕJ, being the major force induced event.  

Ɂ2ÔÈÓÓɯ!Ößɂɯ2,#ɯÚÐÔÜÓÈÛÐÖÕÚ 

To further characterize early events during Nluc stretching, we carried out ten 

additional all atom SMD simulations at a higher sampling rate (trajectories saved every 

200-250 steps, instead of 1000 steps in large box simulations), albeit in a smaller water 

box of approximately 103 and 59 ÒÐÓÖÈÛÖÔÚɯȹÚÌÌɯɁNluc small box simulationȭÈÝÐɂɯÍÖÙɯÖÕÌɯ

of the 103 kiloatoms simulations (86)). The reduction of the water box was primarily 

motivated by an attempt to keep the trajectory file under 10 GB per simulation. For the 

103 kiloatoms simulations, in five out of seven SMD simulations, the major unfolding 

event contributing to the first for ce peak around 4.5-6.5 nm is the detachment of the ϕJ 

strand, as in our large box simulations. However, in two other simulations, the first force 

induced event was a significant stretching of the N-terminal ϔ-helix (a0 in Figure 31), 

which contributed to t he maximum tension at the first forc e peak. This was followed by 

ÈɯɁËÌÓÈàÌËɂɯËÌÛÈÊÏÔÌÕÛɯÖÍɯÛÏÌɯϕJ strand, which started at extensions greater than 5.5 nm 

(look at Appendix  A for more details ). For the 59 kiloatoms simulations, in all three 

simulations the main event appears to be the detachment of the ϕJ strand from the ϕA 

and ϕI strands (look at Appendix A for more details ). The unfolding peak was observed 



 

113 

around 1.5 nm (look at Appendix A for more details ). Another interesting detail that 

emerged from the small box simulations was the formation of transient stabilizing 

interactions between a stretch of the ϕA strand comprising residues Thr13 to Asn17 with 

a stretch of the ϕI strand comprising residues Leu149 to Arg152 (look at Appendix A for 

more details). These interactions followed the complete detachment of the ϕJ strand and 

the re-alignment of the structure against the force. This event occurred in four out of 

seven simulations. Therefore, breaking this transient structure contributed to the second 

force peak occurring at the extension of approximately 12 nm (look at Appendix A for 

more details). Thus, the formation of a new transient mini ϕ-sheet involving ϕA and ϕI, 

may be the origin of the first unfolding intermediate, observed also in our large box 

simulations. Please note that the initial orientation of Nluc in the large and small box 

simulations was slightly different. In the small box simulations, t he molecule was fully 

aligned in the direction of the force at the onset. Thus, the molecular extensions in both 

sets of simulations are not numerically identical.  
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Figure 31: Movie frames for smaller box simulations.   

(a) Starting position of the simulation at time zero, (b) frame before peak A is 

generated (42.92 Å), and (c) frame after peak A (57.66 Å). With peak A we refer to the 

peak in Figure S 8 from Supporting  Information. In this simulation the starting 

distance was 2.616 nm (26.16 Å). With blue we labelled the residues and with black 

dashed line the end -to-end distance. 
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4.3. Conclusions 

Overall , we have studied Nluc protein in two different constructs and compared 

our results to the previously reported experiments. All constructs appeared to have 

similar unfolding behavior with similar unfolding forces and contour length increment 

values. Also, our findings confirmed our hypothesis that Nluc misfolds when linked to 

itself. This misfolding behavior of Nluc was concluded when comparing cyclic 

unfolding and refolding experiments of the ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ 

and Ὅωρ ὔὰόὧὍωρ  constructs to the Ὅωρ ὔὰόὧὍωρ construct. Our findings 

from the former two constructs showed that most of the times Nluc was able to 

successfully refold with similar percentages for both constructs, supporting a similar 

trend between the two constructs. This finding is in contrast with the ones from the 

Ὅωρ ὔὰόὧὍωρ construct, which showed mainly misfolding of Nluc. Therefore, we 

conclude that while all three constructs show similarity in the unfolding pathway, the 

refolding pathway differ due to the separation or not of the Nluc proteins. Additionally, 

we demonstrated for the first time that Nluc can unfold producing a single or double 

peaks per molecule. This feature is more present in the Ὅωρ ὔὰόὧὍωρ construct 

with 39% of the recordings demonstrating double peaks over the 9% in Ὅωρὔὰόὧ

ὍωρὔὰόὧὍωρὔὰόὧὍωρ.  

Moreover , we performed SMD simulations and provided for the first time 

valuable insight into the pathways in which Nluc unfolds. The main unfolding event of 
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Nluc was highly supported from all simulations to be breaking of the hydrogen bonds of 

the ϕJ sheet with the ϕA and ϕI sheets. This is consistent with previous studies which 

have shown how deletion in iLBPs of the last three amino acids of the ϕJ sheet resulted 

to opening of the barrel. This caused the proteins to have a less compact non-native state 

with lower thermodynamic stability and higher susceptibility to proteolytic attack (101). 

We also propose, based on our simulations, that unfolding of the ϕB-ϕD sheets or 

breaking of the transient mini ϕ-sheet formed by the ϕA and the ϕI strands to most likely 

be the cause for the 2nd unfolding peak of Nluc. Therefore, all of our simulations 

provided great insight into the possible unfolding pathways of Nluc protein, which for a 

variety of unfolding speeds (0.1-0.25 m/s) and direction of pulling (N - or C-terminus) 

showed similar behaviÖÙȭɯ6ÌɯÈÙÌɯÊÜÙÙÌÕÛÓàɯÐÕÝÌÚÛÐÎÈÛÐÕÎɯÐÕɯÔÖÙÌɯËÌÛÈÐÓɯ-ÓÜÊɀÚɯ×Össible 

misfolding pathways, which could further elucidate the misfolding behavior as we 

demonstrated in our cyclic experiments.  

Therefore, our experimental results are providing the foundation to explore Nluc 

in potential bioluminescent, force -sensing and elastic (bio)materials by utilizing 

simultaneously its mechanical and bioluminescent properties. We are reporting an 

interesting  ÉÌÏÈÝÐÖÙɯÖÍɯÉÖÛÏɯ-ÓÜÊɀÚɯÜÕÍÖÓËÐÕÎɯÈÕËɯÙÌÍÖÓËÐÕÎɤÔÐÚÍÖÓËÐÕÎȮɯÞÏÐÊÏɯÊÈÕɯ

determine the use of various protein construct designs based on their applications. An 

ÌßÈÔ×ÓÌɯÖÍɯÛÏÌÚÌɯÈ××ÓÐÊÈÛÐÖÕÚɯÊÖÜÓËɯÉÌɯÈɯÚÐÔÜÓÛÈÕÌÖÜÚɯËÌÛÌÊÛÐÖÕɯÖÍɯ-ÓÜÊɀÚɯÓÜÔÐÕÌÚÊÌÕÊÌɯ

during a SMFS measurements, a feat yet to be achieved at a single molecule level. Very 
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difficult simultaneous SMFS and fluorescence measurements have already been reported 

(236, 246). Last, but not least, we envision exploiting these Nluc  constructs as a viable 

alternative to Fluc in protein refolding and chaperone mechanisms studies (49, 56, 118). 
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5. Thermally denatured tandem repeats of NanoLuc are 
E. coli chaperones substrate 

5.1. Introduction 

As previously mentioned , DnaK, DnaJ, and GrpE are believed to assist up to 700 

proteins in the E. coli cytosol (78, 79), so far only a small number of substrates has been 

used to study this mechanism. We believe that testing a larger and more diverse library 

of distinct substrates, representing various protein structural characteristics, and folding, 

as well as misfolding pathways, would further strengthen the current model of DnaK 

mechanism. On the other hand, such studies may also allow capturing DnaK 

mechanistic nuances and potentially even deviations from the canonical model. Toward 

this end, we report here the development and testing of a new DnaK substrate, based on 

tandem repeats of the small highly bioluminescent protein N luc (94). Since Hsp70 

mediated chaperone reactions are ATP-dependent, this ATP independence of Nluc 

bioluminescence may be an advantage over other bioluminescent proteins such as Fluc, 

one of the most common substrates that itself requires ATP to produce bioluminescence 

(BL) signal.  

We recently carried out extensive single-molecule force spectroscopy 

characterization of Nluc nanomechanics and observed that monomeric Nluc flanked by 

I91 domains of titin (Ὅωρ ὔὰόὧὍωρ) and multiple Nluc separated by I91 titin 

domains (ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ) refold quite robustly after 
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mechanical unfolding (86). However, triads of Nluc flanked by I91 titin domains ( Ὅωρ

ὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ) surprisingly displayed high propensity of 

misfolding in mechanical unfolding -refolding cycles (85). This observation prompted us 

to consider whether heat-shocked Nluc dyads and triads could be good substrates for 

the Hsp70 system, where we could exploit their strong bioluminescence (BL) to directly 

follow their thermal denaturation and refolding.  

To analyze the chaperone involvement in Nluc refolding, in addition to using 

native Nluc, which is small (19 kDa) and monomeric, we also developed polyprotein 

constructs with multiple repeats of Nluc as tandem repeats, dyad (2 tandem Nluc 

repeats) and triad (3 tandem Nluc repeats) Nluc protein constructs that could emulate 

multidomain substrates. This approach aimed to establish how chaperones assist the 

refolding of proteins that may be prone to intramolecular misfolding like multi -domain 

proteins, apart f rom intermolecular misfolding, based on the fact that 70% of eukaryot ic 

and 60% of prokaryotic proteins consist of multiple domains o r repeats (247, 248). 

Additionally, Nluc is smaller than Fluc luciferase, which can simplify the complexity of 

the system. 

Indeed, we were able to determine from BL assays that poly-Nluc constructs, 

dyads and triads of Nluc, showed a decreased thermal stability, in contrast to 

monomeric Nluc, and would, in addition, not refold on their own. Most importantly, we 

were able to demonstrate that poly -Nluc constructs are strong chaperone substrates that 
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are efficiently refolded by the DnaK/DnaJ/GrpE system. Their refolding reaction showed 

strong ATP-hydrolysis dependence typical of other substrates, but interestingly 

displayed very  weak GrpE dependence. This surprising weak GrpE dependence is 

different f rom the canonical pathway of other substrates studied so far (49). We also 

performed both coarse-grained and all -atoms simulations of Nluc and poly -Nluc 

constructs, which provided structural information on the degree of misfolding and their 

putative mechanism, after thermal denaturation. Overall, our study shows that poly -

Nluc constructs may be useful new substrates for studying chaperone reactions in vitro 

and open interesting questions on the relationship between protein misfolding 

pathways and chaperone reaction mechanisms.  

5.2. Results and discussion 

5.2.1. Dyad Nluc and triad Nluc have lower thermal stability as 
compared to monomeric Nluc 

For the thermal denaturation studies of Nluc, we used three constructs each 

consisting of various repeats of Nluc: one Nluc (monomeric Nluc), two NanoLucs 

connected by 4 residues linker (dyad Nluc), and three NanoLucs connected by 4 

residues linker (triad Nluc). It has been reported by Promega Company that Nluc has a 

melting temperature of υψὅ (249). Therefore, we proceeded by denaturing all 

constructs at that temperature for 1 h in total. As seen in Figure 32, in our hands, 

monomeric Nluc demonstrated good thermal stability at υψὅ, with only 20% of the 
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initial BL signal lost after 1 h. However, for dyad Nluc and triad Nluc the BL signal 

dropped drastically even after 10 min at υψὅ, with approximately 25% and 10% 

activity. The rate of BL signal decay was 0.153 ± 0.002 άὭὲ (mean lifetime 

approximately 5 min) for dyad Nluc and 0.250 ± 0.003  άὭὲ (mean lifetime 

approximately  3 min) for triad Nluc.  

 

Figure 32: Thermal denaturation of 100 nM monomeric, dyad and triad Nluc 

constructs at 58 °C (n=3).  

All proteins were diluted down to 1 nM and  the BL signal  was measured at various 

time points . Collected values were normalized by the initial BL signal at time  zero 

before thermal denaturation of the proteins (n=3). After 1 h, the BL signal for 

monomeric Nluc (blue circle) drops to 80% active protein, while for both dyad (orange 

down facing triangle) and triad (green up facing triangle) Nluc constructs less than  

4% of active proteins.   
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5.2.2. Dyad Nluc and triad Nluc are substrates for chaperone-assisted 
refolding 

Our thermal denaturation experiments clearly demonstrated a limited thermal 

stability for both the dyad and triad Nluc constructs as compared to the monomeric 

Nluc. Therefore, we proceeded to examine if these two constructs can spontaneously 

refold. As shown in Figure 33, both constructs at 10 nM had no spontaneous refolding 

even after 7 h. However, when we examined the refolding of the dyad and triad Nluc 

constructs after the addition of the E. coli chaperone refolding system comprising of 

DnaK, DnaJ, and GrpE chaperones, we saw a significant BL signal recovery (Figure 33). 

Following the chaperone concentrations previously used in literature 3 ϟ  ͍DnaK, 1 ϟ  ͍

DnaJ, and 1.5 ϟ  ͍GrpE (68), we refolded the two constructs after denaturing them for 10 

min at υψὅ. The 7 h experiment shows a recovery for dyad Nluc up to more than 75% 

total BL signal (at time zero BL signal was about 20%). For triad Nluc the final BL signal 

after 7 h was about 85% (at time zero BL signal was about 10%). The striking difference 

between the spontaneous and chaperone assisted refolding results clearly show how 

chaperones assist the refolding.  
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Figure 33: Chaperone assisted refolding of 10 nM dyad ( orange down facing 

triangle ) and triad ( green up facing triangle ) Nluc constructs (n=3).  

Both constructs were denatured for 10 min at 58 °C at 100 nM, followed by a short 30 

sec room temperature cool down, prior to their 10x dilution  to 10 nM in Buffer  C 

including 3 ϟM DnaK, 1 ϟM DnaJ, 1.5 ϟM GrpE . BL signal  recovery was collected for 

various time points for up to 7 h (n=3). Additionally, spontaneous refolding was 

examined, following  same denaturation and short cooling times as mentioned above, 

by diluting the proteins to 10 nM in the Buffer C in the absence of all three 

chaperones. Various  time points of the  spontaneous BL signal  recovery were collected 

(n=3). For dyad Nluc the starting BL  signal  is about 25% of active protein and after 7 h 

it rises to about 75%. Similarly, for triad Nluc the initial BL signal is about 10% of 

active protein and after 7 h it rises to about 85%. Both proteins show no spontaneous 

recovery with  their values after 7 h of experiments to about 25% for dyad (orange x) 

and 10% for triad Nluc (green star). All BL values were normalized to the initial BL 

for 100% of active protein prior to thermally denaturing it.  

The kinetics of this reactions for both constructs were fitted using  ώ ώ ρ

Ὡ   equation which resulted to half times of 19 min for dyad Nluc and 24 min for triad 

Nluc.  
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In order to further support the fact that chaperones assist the refolding of the two 

constructs and eliminate crowding effects as potential reason of refolding, we performed 

additional experiments. Those included refolding of the triad Nluc in (a) 7 ϟM BSA, (b) 3 

ϟM DnaK with 4 ϟM BSA, and (c) 1 ϟM DnaJ (look at Appendix A for more details ). In 

all cases, there was no observed refolding even after 7h and the results resembled those 

of spontaneous refolding.  

5.2.3. Triad Nluc refolds even in the absence of GrpE 

It has been shown numerous times that the presence of all three chaperones, 

DnaK, DnaJ, and GrpE, is crucial for protein refolding (55, 56). We already tested and 

confirmed that triad Nluc cannot refold in the presence of only DnaJ or only DnaK. 

3ÏÌÙÌÍÖÙÌȮɯÞÌɯÌßÈÔÐÕÌËɯÐÍɯÈÕËɯÏÖÞɯ&Ù×$ɯÐÚɯÊÖÕÛÙÐÉÜÛÐÕÎɯÛÖɯÛÙÐÈËɯ-ÓÜÊɀÚɯÙÌÍÖÓËÐÕÎȭɯ

Interestingly, we were able to refold triad Nluc up to approximatel y 70% after 7 h in 

absence of GrpE (initial BL signal was about 10%). We had similar observations for dyad 

Nluc, which was also able to refold in the absence of GrpE (results not shown). We 

further proceeded to test the possible effect of GrpE at various concentrations, 0 ɬ 6 ϟM, 

and we found that GrpE has some positive impact on triad Nluc refolding, in a narrow 

concentration range, with an optimal range of GrpE around 0.75 - 1.5 ϟM. Beyond this 

optimal concentration range, the refolding recovery would decrease at higher GrpE 

concentrations. Time points for the 7 h experiments for 3 ϟM DnaK, 1 ϟM DnaJ and 

various GrpE concentrations are shown in Figure 34(a). In Figure 34(b) we have 



 

125 

compiled  together the 7 h time points of triad Nluc refolding for various GrpE 

concentrations to further demonstrate the refolding trend at 7 h.  

 

Figure 34: Bioluminescence (BL) refolding of triad Nluc  for various 

concentrations of GrpE .  

ȹÈȺɯ!+ɯÚÐÎÕÈÓɯÍÙÖÔɯÙÌÍÖÓËÐÕÎɯÖÍɯƕƔɯÕ,ɯÛÙÐÈËɯ-ÓÜÊɯÐÕɯ!ÜÍÍÌÙɯ"ɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÖÍɯƗɯϟ,ɯ

#ÕÈ*Ȯɯƕɯϟ,ɯ#ÕÈ)ɯÈÕËɯÝÈÙÐÖÜÚɯ&Ù×$ɯÊÖÕÊÌÕÛÙÈÛÐÖÕÚɯÍÖÙɯƛɯÏɯȹÕǻƗȺȭɯ3ÏÌɯ×ÙÖÛÌÐÕɯÞÈÚɯ

initially heat shocked at 58 °C for 10min at 100 nM and diluted 10x in refolding Buffer 

C containing the chaperones. Refolding kinetics  were observed for 7 hours in total in 

every case. Spontaneous refolding of triad Nluc in absence of all three chaperones is 

also presented in which triad Nluc was diluted 10x in Buffer C in the absence of 

chaperones showing no recovery of the protein. Data with 1.5 ϟM GrpE and 

spontaneous refolding are also presented in Figure 3. (b) Compilation of the BL signal 

results at 7 h timepoints for triad Nluc in the presence of 3 ϟM DnaK, 1  ϟM DnaJ for 

various GrpE concentrations (n=3). We observe an optimal concentration for these 

conditions to be 0.75 ɬ 1.5 ϟM of GrpE.  

In order to make sure that GrpE (additionally to DnaK and DnaJ) are fully 

functional in our assays, we assessed all three chaperones by performing standard 

refolding reactions of Fluc in the presence and absence of GrpE (look at Appendix A for 

more details). Contrary to our results of triad Nluc, Fluc was unable to successfully 

refold in the absence of GrpE, with minor spontaneous refolding present after 2 h. 
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#ÌÚ×ÐÛÌɯ%ÓÜÊɀÚɯ!+ɯÚÐÎÕÈÓɯÚÛÈÙÛÐÕÎɯÈÛɯÈÉÖÜÛɯƕƔǔɯÈÍÛÌÙɯÏÌÈÛɯÚÏÖÊÒȮɯÞÐÛÏɯÛÏÌɯÈËËÐÛÐÖÕɯÖÍɯ

GrpE it reached about 85% of refolding after only 2h (look at Appendix A for more 

details). On the other hand, the spontaneous BL signal changed from about 5% to about 

10% for the same time period. Later addition of GrpE (1 h 30 min) to the spontaneous 

ÙÌÍÖÓËÐÕÎɯÖÍɯ%ÓÜÊɯÙÌÚÜÓÛÌËɯÛÖɯÚÐÔÐÓÈÙÓàɯÏÐÎÏɯÙÌÊÖÝÌÙàɯÖÍɯ%ÓÜÊɀÚɯ!+ɯÚÐÎÕÈÓɯÜ×ɯÛÖɯÈÉÖÜÛɯƜƙǔȮɯ

while spontaneous refolding remained at about 10% even after 3 h (look at Appendix  A 

for more details). Our refolding results with Fluc follow those previously done by other 

groups (56, 68). 

The observation that GrpE is not as crucial in refolding of dyad and triad Nluc 

constructs, contrary to Fluc, is significant as it marks deviation from the canonical DnaK, 

DnaJ, GrpE mechanism suggested up till now. Previous studies have shown that GrpE is 

crucial in aiding the refolding kinetics of the substrate proteins (56). Interactions of 

DnaK and GrpE in the presence and absence of substrates have previously been shown 

(250, 251). Furthermore, acceleration of the kinetics of the reactions by GrpE have been 

observed in the absence of a substrate (maximal 5000-fold) (57), and in the presence of 

peptides (200-fold) (252). While in our studies GrpE is not essential for Nluc refolding, 

we do find refolding efficiency to be slightly increased at an optimal ration of GrpE:DnaJ 

of 1.5 which is similar to other studies (57, 68). Our results of refolding Fluc in the 

presence and absence of GrpE for same concentrations of chaperones agree with past 

results (56, 68). Thus, our results for Fluc exclude the possibility of  a GrpE deficiency as 
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the reason for the deviation in the  GrpE dependency of refolding mechanism between 

the Nluc constructs and Fluc. 

5.2.4. ATP-induced structural changes of DnaK are important for triad 
Nluc refolding 

Allosteric conformation changes of DnaK have been shown to contribute to 

substrate protein refolding (71, 253). A previous  study  showed that substitution of ATP 

with ATPϖS, an ATP analog known as an inhibitor of the ATPase activity of Hsp70s , 

results in an inability of DnaK to have a conformational change impeding its ability to 

refold proteins  (254). However, because of our unexpected result of GrpE on triad -ÓÜÊɀÚɯ

refolding by DnaK, we decided to  also examine if ATP hydrolysis is necessary for triad 

-ÓÜÊɀÚɯÙÌÍÖÓËÐÕÎȭ We present here that the ATP hydrolysis is fundamental for triad Nluc 

refolding  (Figure 35). Refolding reaction with 3 ϟM DnaK, 1 ϟM DnaJ and 1.5 ϟM GrpE 

in presence of 10 mM ὓὫὕὃὅς, and 5 mM ATPϖS showed no recovery for triad Nluc 

with its bioluminescence remaining at ~5 % of total activity even after 7 h . 



 

128 

 

Figure 35: Refolding reaction of 10 nM triad Nluc with 3 ϟM DnaK, 1 ϟM 

DnaJ, 1.5 ϟM GrpE with 10 mM ╜▌╞═╒, and ƙɯÔ,ɯ 3/ϖ2ɯȹÕǻƗȺȭɯTriad Nluc was 

denatured at 100 mM for 10 min at 58 °C, followed by a 10x dilution in chaperones 

solution. The presence of  ATPϖS shows how the allosteric ATP -induced 

conformational change to DnaK is contributing to the refolding of triad Nluc.   

Therefore, despite showing that GrpE is not essential for the refolding of triad 

Nluc, substitution of ATP with its non -ÏàËÙÖÓàÚÈÉÓÌɯÈÕÈÓÖÎɯ 3/ϖ2ɯÙÌÚÜÓÛÌËɯÛÖɯÕÖɯ

recovery of the triad Nluc activity. This result suggests that the allosteric communication 

within DnaK , which is  in conjunction with  the ATP binding and hydrolysis , is important 

for triad Nluc refolding and without it the protein most likely remains trapped in a non -

native intermediate state (54). NMR studies have previously  ÚÏÖÞÕɯÏÖÞɯ 3/ϖ2 inhibits 

key conformational changes in DnaK, which can eventually affect its interaction with the 
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substrate (62). Therefore, without DnaK tightly binding to triad Nluc, the latter is not 

assisted in its recovery back to its native state, exposing it to potential inter - and intra -

domain misfolding , and possibly exposing it to interactions with other proteins in 

solution (intermolecular misfolding). Additional studies with mutated DnaK, which is 

unable to hydrolyze ATP, are warranted, since these experiments would further 

illustrate how the DnaK allosteric changes are contributing to the poly -NluÊɀÚɯÙÌÍÖÓËÐÕÎȭ 

5.2.5. Chaperone assisted refolding of Nluc tandem repeats when 
separated by I91 titin domains 

As previously mentioned, the three Nluc proteins in the triad Nluc construct are 

connected by 4 residues as linkers. The proximity of the Nluc repeats can potentially 

contribute to inter -repeat misfolding of the Nluc polyproteins within the same construct.  

To do this, we exploited our earlier construct involving tandem repeats of Nluc and I91 

domain of titin (86), the ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ, in which the three 

Nluc repeats are separated by the titin I91 domain (Ὕ χςȢφ Јὅ (255ɬ257)). We began 

by examining the thermal stability of ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ 

construct. Our thermal denaturation experiments showed a slightly higher thermal 

stability for the ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ construct as compared to 

triad Nluc  at short denaturation times (less than 20 min). However, at 20 min of initial 

thermal denaturation the BL signal drops for both triad Nluc and ὍωρὔὰόὧὍωρ

ὔὰόὧὍωρὔὰόὧὍωρ constructs to a similar level and at longer times the BL signal is 
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actually slightly higher for the triad Nluc as compared to the ὍωρὔὰόὧὍωρὔὰόὧ

ὍωρὔὰόὧὍωρ construct (Figure 36). These results show overall similar thermal 

behavior between the two constructs. The small difference in denaturation level between 

the two constructs (10% for triad Nluc and 23% for ὍωρὔὰόὧὍωρὔὰόὧὍωρ

ὔὰόὧὍωρ) for same concentrations and conditions is suggesting that the I91 titin 

domains assist to a small degree in reducing the thermal denaturation of Nluc proteins 

in the construct, by providing additional separation.  The rate of BL signal decay for 

ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ construct was 0.138 ± 0.006 άὭὲ (mean 

lifetime approximately 5 min) , while triad Nluc had mean lifetime of about 3 min.   
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Figure 36: Thermal decay of 100 nM triad Nluc and ╘ ╝■◊╬╘ ╝■◊╬

╘ ╝■◊╬╘  constructs at 58 °C after 1 h (n=3). 

 Both constructs show decay of the BL signal with the ╘ ╝■◊╬╘ ╝■◊╬

╘ ╝■◊╬╘  (purple pentagon) initially showing less denaturation  compared to 

triad Nluc (green up facing triangle)  due to the increased temperature. After 20 min of 

denaturation, both constructs appear to have the same BL  values below 5% of active 

protein. The results for the triad Nluc were also shown in Figure 32.  
 

Additionally, we tested how chaperones assist the refolding of the Ὅωρὔὰόὧ

ὍωρὔὰόὧὍωρὔὰόὧὍωρ construct in comparison to triad N luc (Figure 37). We 

found that the ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ construct was also able to 

recover in the presence of DnaK, DnaJ, and GrpE with up to 92% active protein after 7 h 

of experiments (initial value was 23% active protein)  while triad Nluc reaches 85%. 

Additionally, we observed a negligible recovery from 24% to 31% for the spontaneous 
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refolding. The  kinetics of this reactions were fitted using ώ ώ ρ Ὡ  equation, 

which resulted  to half times of 12 min for Nluc  of the ὍωρὔὰόὧὍωρὔὰόὧὍωρ

ὔὰόὧὍωρ construct. Thus, both protein constructs show strong refolding behavior, 

which in the ὍωρὔὰόὧὍωρὔὰόὧὍωρὔὰόὧὍωρ construct appears to be 

enhanced by the I91 titin domains. 

 

Figure 37: Chaperone assisted refolding of 10 nM triad Nluc ( green) and 10 nM 

╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬╘   (purple) constructs  (n=3).  

Both constructs were denatured for 10 min at 58 °C at 100 nM, followed by a short 30 

sec room temperature cool down, prior to their 10x dilution  in the Buffer  C including 

3 ϟM DnaK, 1 ϟM DnaJ, 1.5 ϟM GrpE . BL signal  recovery was collected for various 

time points for up to 7 h (n=3). Additionally, we examined the spontaneous refolding 

after same denaturation and short cooling times as mentioned above, by diluting the 

proteins in the Buffer C in the absence of all three chaperones and time points of the 
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BL signal recovery were collected (n=3). For ╘ ╝■◊╬╘ ╝■◊╬╘ ╝■◊╬

╘  construct  (purple pentagon)  the BL signal  is initially at 23% active protein and 

after 7 h reaches about 95%. For triad Nluc  (green up facing  triangle ) the initial BL 

signal is about 10% active protein and after 7 h it rises to about 85%. ╘ ╝■◊╬

╘ ╝■◊╬╘ ╝■◊╬╘  (purple cross)  had very minimal s pontaneous recovery 

with 35% active protein from the initial 23%. All BL values were normalized to the 

initial BL for 100% of active protein prior to thermally denaturing it.  Data of triad 

NLuc (green)  are also presented in Figure 2. 

Our thermal and mechanical unfolding and refolding studies of I91-Nluc -I91-

Nluc -I91-Nluc -I91 and triad Nluc (or I91 -I91-Nluc -Nluc -Nluc -I91-I91) are very 

intriguing. O ur previous mechanical unfolding/refolding studies of I91 -Nluc -I91-Nluc -

I91-Nluc -I91 and triad  Nluc flanked by I91s: I91-I91-Nluc -Nluc -Nluc -I91-I91 polyprotein 

construct (85, 86) showed that the latter misfolded with higher probability. These results 

are not in complete agreement with our thermal denaturation results of I91 -Nluc -I91-

Nluc -I91-Nluc -I91 and triad Nluc . This can be the consequence of the denaturation 

method used further emphasizing the differences between thermal and mechanical 

denaturation pathways with regards to the structural changes the protein undergoes . 

Therefore, the chaperones effect in refolding the protein may differ depending on the 

denaturation state of the substrate, full or partial.  Nonetheless, our data suggest that 

there is minimal difference between the triad Nluc and I91 -Nluc -I91-Nluc -I91-Nluc -I91 

construct during thermal denaturation, which could be attributed to a more local loss of 

structure occurring in our studies here rather than a global denaturation in our 

mechanical unfolding/refolding studies.  
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5.2.6. Coarse-grained MD Simulations 

In order to elucidate potential intra -repeat (within one Nluc repeat) and inter -

repeat (among many Nluc repeats) misfolding in one poly -Nluc construct as a result of 

thermal denaturation, we performed coarse -grained (CG) MD simulations. These are a 

great tool in capturing possible misfolding structures in thermally -denatured Nluc 

constructs and explain the different behavior of monomeric, dyad and triad Nluc, in 

parallel to our experimental data. As expected from the CG methodology that favors 

native contacts, the coarse-grained simulations of refolding for monomeric Nluc (n=100) 

resulted in completely refolded structures.  For dyad Nluc however, the fraction of 

native contacts is near 0.5 for 78 MD simulations, which means there is around 78% 

possibility for one domain to misfold. In addition, there are 21 simulations generating 

well refolded structure and 1 simulation gener ating fully misfolded structure (Figure 

38(a)). In more detail, almost all simulations have well refolded domain #1 (residue 23 - 

193), except for 1 simulation, which corresponds to the fully misfolded structure  (Figure 

38(b)), and the domain #2 (residue 198 - 368) is usually misfolded (Figure 38(c)). 
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Figure 38: Coarse-grained simulations of dyad Nluc.   

 In (a) we present the fraction of native contacts Q for both domains 1 and in (b) we 

present domain 1 (residue 23 - 193) and in (c) we present domain 2 (residue 198 - 368). 

As can be seen the fraction of native contacts is 0.5 (n=78) indicating a 78% possibility 

that one domain will misfold. The rest of the 21 simulations showed well refol ded 

structure for the dyad Nluc, and 1 simulation showed fully misfolded structure. 

Fraction of native contacts in (b) and (c) for domain 1 and domain 2, respectively, 

show how domain 1 is folded apart from one case, while domain 2 is usually 

misfolded.  

We also performed coarse-grained simulations for the triad Nluc to examine its 

refolding (n=100). The refolding results of triad Nluc are displayed in Figure 39. As 

shown in Figure 39(a), at least 2 domains are refolded correctly in most simulations. The 

fraction of native contacts is near 0.6 for 63 MD simulations, which means there is 

around 63% possibility for one domain to misfold. Another 37 MD simulations lead to 

the fully refold ed structure. Figure 39(b), Figure 39(c), and Figure 39(d) correspond to 

refolding results for domain #1 (residue 23 - 193), domain #2 (residue 198 - 368), and 

domain #3 (residue 373 - 543), respectively. The domain 2 and domain 3 are always 

correctly refolded to native structures, while the domain 1 is misfolded in 63 out of 1 00 

simulations.  
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Figure 39: Coarse-grained simulations of refolding of the triad Nluc show 63% 

possibility of correct refolding .  

(a) Domain 1 (residue 23 - 193) is misfolded in 63 of 100 simulations, while (c) domain  

2 (residue 198 - 368) and (d) domain 3 (residue 373 - 543) are always correctly refolded 

in all 100 simulations according to the fraction of native contacts (Q).  

We also examined the possibility of domain swapping for the dyad and triad 

Nluc computationally based on the fact that these constructs consist of tandem domains 

of the same protein. First, we applied the Tandem Domain Swap Stability Predictor 

(TADOSS) to calculate the domain-swapped propensity (258). The calculated free energy 

difference DDG between the native structure and domain-swapped structure for the 
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dyad Nluc is -0.94 kJ/mol, which means the native structure is slightly more stable than 

the domain-swapped structure, even though the difference is small. 

Next, we performed refolding simulations with domain -swapping contacts. The 

fractions of native contacts are closer to 0.5 with domain swapping contacts for dyad 

Nluc, which means almost all simulations have a result of one misfolded domain. 

Different from the results without domain swapping, the misfolded domain is random, 

i.e., either the domain 1 or domain 2. Some fractions of native contacts are not closer to 

0.8 or 0.2, which is because of some small extents of domain swapping. The percentage 

of domain  swapping is not high in dyad Nluc, meaning that most part of one domain is 

refolded, and another misfolded domain has a few contacts with the refolded domain. A 

structure of the domain swapping generated from these simulations for dyad Nluc can 

be seen in Figure 40. 

 

Figure 40: TADOSS prediction results for dyad Nluc.  

(a) Depiction of the dyad Nluc for one of the Tandem Domain Swap Stability 

Predictor (TADOSS)  simulations (rainbow ribbons). (b) Overlapping of one of the 

acquired predicted structures after TADOSS simulations shown in (a) with 

monomeric Nluc (PDB code 5IBO, cyan ribbons). (c) Monomeric Nluc (PDB code 
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5IBO, cyan ribbons). All structures are visualized using UCSF Chimera program . 

Orientation of structures is same for all (a) -(c) images to show the overlap. We 

implemented the matchmaker command in UCSF Chimera to overlap the two 

structures. 

The refolding results of triad Nluc with domain swapping contacts are  not 

shown here, however, the fractions of native contacts are also closer to 0.5, which means 

almost all simulations only have 1 correctly refolded domain, since the other 2 misfolded 

domains will also have a few native contacts. The result is different from the result 

without do main swapping contacts, which is likely to have 2 correctly refolded domain 

and 1 misfolded domain. The refolded domain can be arbitrary, but the other two 

domains are then misfolded. The percentage of domain swapping is around 0.4, which 

suggests the non-negligible domain swapping contacts between the two misfolded 

domains. A structure of the domain swapping generated from these simulations for 

dyad Nluc can be seen in Figure 41. At this point our CG simulations suggest two 

possible major misfolding scenarios for Nluc triads; intradomain misfolding and 

interdomain strands swapping. Further combined computational and experimental 

work is warranted to clarify which o f these two pathways (if any) is dominant.  
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Figure 41: TADOSS prediction results for triad Nluc.   

(a) Depiction of the triad Nluc for one of the Tandem Domain Swap Stability 

Predictor (TADOSS)  simulations (rainbow ribbons). (b) Overlapping of one of  the 

acquired predicted structures after TADOSS simulations shown in (a) with 

monomeric Nluc (PDB code 5IBO, cyan ribbons). (c) Monomeric Nluc (PDB code 

5IBO, cyan ribbons). All structures are visualized using UCSF Chimera program. 

Orientation of structure s is same for all (a)-(c) images to show the overlap. We 

implemented the matchmaker command in UCSF Chimera to overlap the two 

structures. 

5.2.7. All-atom simulations  

In order to identify Nluc regions most susceptible to thermal denaturation, we 

also conducted all-atom melting simulations for monomeric and dyad Nluc, solvated in 

a water box, using explicit water model TIP3P. For the all-atom simulations we 

performed  root mean squared deviation (RMSD) analysis for all simulations ( look at 

Appendix A for more details ) and using the MDAnalysis Python package, we attempted 

to identify the residues with the greatest fluctuation, by calculating the root mean 

squared fluctuatio n (RMSF) of each residue (look at Appendix A for more details ). Key 

findings from the timeline of our all -atoms simulations indicate that the 3rd a-helix 

(residues 27-36) appears to firstly lose its structure. As the temperature increases the 5th 
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a-helix (residues 66-78) also loses its structure. This is especially important given that 

the furimazine binding site is near the 5th b-strand. According to the crystal structure of 

Nluc  (PDB code 5IBO), it appears that the binding pocket is kept stable by the 1-5 b-

strands. All 4 a-helices (helices 2-5) are in close proximity to one another and are also 

located in between the 1-2 b-strands and the 3-4 b-stands. Therefore, any loss in 

structure of the a-helices can negatively affect the way the BL substrate can tightly bind 

to Nluc to produce light. More details on the all -atom simulations can be found in 

Appendix A . 

Previous screening of biologically relevant proteins resulted to our 

comprehension that chaperones recognize hydrophobic surfaces and usually protein 

sequences that occur approximately every 30-40 residues in the total protein sequence 

(60, 74, 259), instead of the complete protein  structure. We investigated the binding sites 

of DnaK to Nluc by inserting the Nluc sequence to the LIMBO  prediction algorithm  (75). 

In our case, we were able to identify three DnaK -binding motifs in Nluc as shown in 

Figure 42. The sequences are a) residues 89-95 ɁFKVILHYɂɯȹÚÊÖÙÌɯƕƖȭƖȺȮɯÉȺɯÙÌÚÐËÜÌÚ

 141-147 ɁERLINPDɂɯȹÚÊÖÙÌɯ12.2), and c) residues 157-163 ɁNGVTGWRɂɯȹÚÊÖÙÌɯ

14.4). We did not experimentally examine the validity of these sites, however, we expect 

them to be a good prediction for our system. 
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Figure 42: DnaK -binding motifs in Nluc.   

(a) Results of the LIBMO prediction algorithm for Nluc protein showed three DnaK -

binding motifs a) residues 89-95 ɁFKVILHY ɂɯȹÚÊÖÙÌɯƕƖȭƖȺȮɯÉȺɯÙÌÚÐËÜÌÚɯ141-147 

ɁERLINPDɂɯȹÚÊÖÙÌɯ12.2), c) residues 157-163 ɁNGVTGWR ɂɯȹÚÊÖÙÌɯƕ4.4). (b) The DnaK -

binding motifs are marked with different colors on the crystal structure of the protein 

(PBD code 5IBO), with a) residues 89-95 colored in red, residues 141-147 colored in 

blue, c) residues 157-163 colored in green.  

Therefore, by combining our findings we can hypothesize that possible loss in 

the helical structures may cause a loss in bioluminescence from our constructs and 

simultaneously expose residues 89-95 ɁFKVILHYɂȭɯ#ÕÈ*ȮɯÈÊÊÖÙËÐÕÎɯÛÖɯ+(,!.ɯ

algorithm prediction, may bind onto these residues and therefore rescue Nluc structure 

from misfolding by allowing the neighboring structures to be refolded back to their 

native state, bringing back the BL signal. Monitoring the  simulations at their later stages 

they show furthÌÙɯÓÖÚÚɯÐÕɯÛÏÌɯ×ÙÖÛÌÐÕɀÚɯÚÛÙÜÊÛÜÙÌɯÌß×ÖÚÐÕÎɯÛÏÌɯÖÛÏÌÙɯÛÞÖɯÉÐÕËÐÕÎɯÔÖÛÐÍÚɯ

to DnaK. However, significantly longer all atom simulations will be needed to 

extrapolate and compare their results with the results produced by CG simulations to 

ultimately identify the misfolded ensemble at the residue level that the chaperones 

rescued in our experiments. 
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5.3. Conclusions  

In the work presented here, we aimed to examine if bioluminescent Nluc, with 

its distinct biophysical and structural features, could be a substrate for the Hsp70 

chaperone system (55). We started our studies by using three constructs based on Nluc: 

monomeric Nluc, dyad Nluc, and triad Nluc, with the latter two comprised of two and 

three tandem repeats of Nluc within a single polypeptide chain. The dyad and triad 

Nluc constructs discussed in this work are the first bioluminescent polyprotein 

constructs that were thermally denatured and refolded using the E. coli Hsp70 system. 

With about 70% of eukaryotic proteins and 60% of prokaryotic proteins composed of 

multiple domains or repeats (247, 248), our assay could be useful in examining nuances 

of the chaperone mechanism involved in refolding of complex multi -domain proteins. 

 ÓÚÖȮɯÉÌÊÈÜÚÌɯ-ÓÜÊɀÚɯÛÏÌÙÔÈÓɯÚÛÈÉÐÓÐÛàɯÐÚɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÎÙÌÈÛÌÙɯÈÚɯÊÖÔ×ÈÙÌËɯÛÖɯÖÛÏÌÙɯ

substrates, our assay could be implemented to examine chaperone mechanism in 

thermophiles. One of the more interesting aspects of our study is the observation that 

GrpE is not essential in the refolding of poly -Nluc. This warrants further investigations 

and possibly opens new mechanistic questions on how Hsp70 interacts with poly -

proteins.  
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6. Summary and future work 

Overall, in this work we developed protein constructs of highly -bioluminescent 

protein Nluc , which all demonstrate strong bioluminescence signal. Those constructs 

were examined using both mechanical and thermal denaturation processes which gave 

interesting results.  

For the mechanical unfolding of the various constructs, we observed that all of 

our constructs showed very similar unfolding behavior. However, during our cyclic 

unfolding and refolding studies the various constructs demonstrated different 

behaviors. In more detail, when multiple Nlucs were linked together they showed lower 

propensity  to refold back to their native state and would misfold most of the time. 

However, when the multiple Nlucs were separated by titin I91 domains, the successful 

refolding rate wa s increased and was similar to the one of a single Nluc. This 

demonstrated how separating the Nlucs resulted to less misfolding occurring among the 

multiple Nlucs in the same construct. In the future, these experiments could be 

performed in the presence of chaperones to evaluate how and if the chaperones are 

contributing in preventing the misfolding from occurring. Additionally, while it is 

interesting to perform these experiments under constant pulling speed, it would be as 

interesting to perform them unde r constant force. We already have in our lab a magnetic 

tweezers set up which can provide the means to perform this type of experiment. In this 

case we would be able to examine the unfolding and refolding equilibrium of Nluc for 
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different applied forces, and we could also add chaperone proteins to establish the 

binding kinetics of chaperones to the Nluc proteins  as they interact. Already the interest 

in these types of experiments is great, with some recent publications (64, 82). 

Additionally, we were able to establish that dyad and triad Nlucs  are chaperone 

substrates. This was an initial study of this system which can be further explored. Our 

finding that GrpE is not essential in the recovery of the protein structure is exciting and 

warrants further  investigation. We have already started performing circular dichroism 

experiments to establish loss is the structure of the various protein constructs during 

thermal denaturation . These experiments were a bit different from what he had initially 

expected and warrant further investigation.  Additionally, it would be interesting to 

establish whether Nluc protein is able to accelerate the ATP, along with DnaJ, and we 

are planning to perform ATPase assays. In overall, it would be of great significance if we 

can correlate the loss of bioluminescence with loss of protein structure, and, therefore, 

establish how chaperones assist the refolding of the dyad and triad Nluc constructs. 

Moreover, we observed that monomeric Nluc is more thermally stable than dyad 

and triad Nluc. We know from literature that Nluc has been engineered with mutations 

aimed to stabilize it (94). A possible future direction would be to reverse these 

stabilizing mutations and use monomeric Nluc as a chaperones substrate along dyad 

and triad Nluc.  
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Lastly, our MD simulations provided great input for both thermal and 

mechanical denaturation pathways of Nluc.  With all-atoms steered MD simulations we 

were able to identify possible unfolding pathways of Nluc when mechanically unfolded. 

Additionally, our MD simulations for thermal denaturation provided information of 

misfolding of the various Nlucs in dyad and triad Nluc constructs.  Of great interest is 

the possibility of domain swapping for dyad and triad Nlucs, which could be further 

investigated, possibly experimentally .  
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Appendix A 

A.1. Additional information on Nluc protein 

A.1.1. iLBPs and Nluc structural comparison 

Nluc structurally resembles that of intracellular  lipid  binding proteins ( iLBPs) 

(94, 100), with the difference being the additional a0, aIII , and aIV ϔ-ÏÌÓÐÊÌÚɯÈÕËɯÛÏÌɯ#ɀɯϕ-

strand. The C and D ϕ-strands are also longer than the ones found in iLBPs.  

 

 

Figure 43: Comparison of the structures of Nluc and  an iFABP protein.  

 (a) and (b) show in ribbon an overlap of two structures: Nluc (PDB code 5IBO in 

beige) and intestinal  fatty acid binding protein  (IFABP, PDB code 2IFB in blue) with 

(b) being a rotation of 90 ° as indicated by the arrows.  The two structures overlap very 

ÞÌÓÓɯÞÐÛÏɯÛÏÌɯÌßÛÙÈɯÈƔȮɯÈ(((ɯÈÕËɯÈ(5ɯÏÌÓÐÊÌÚɯÈÕËɯÛÏÌɯ"Ȯɯ#ɯÈÕËɯ#ɀɯÚÛÙÈÕËÚɯÉÌÐÕÎɯ

additional or elongated in Nluc. Also, the aII helix in Nluc (better observed in (a)) is 

shifted in comparison to IFABP to accommodate for the additional parts of the protein 

mentioned . 
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Figure 44: Nluc (PDB code 5IBO, beige) forms H -bonds (shown with green 

lines) between the D and E ϕ-strands.  

The three H -bonds in Nluc are highlighted using a black circle. This does not occur 

for the human muscle fatty acid binding protein (PDB code 1HMR, blue). This is 

similar for many other iLBP proteins.  
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A.2. Additional information on AFM-based SMFS 

A.2.1. Visual representation of pulling of various constructs during 
AFM-based SMFS experiments 

 

Figure 45: Visual representation of various e xamples of SMFS pulling 

experiments.  

(a) Schematic of I91-Nluc -I91-Nluc -I91-Nluc -I91 with (i) depicting an end -to-end 

×ÜÓÓÐÕÎɯÖÍɯÛÏÌɯ×ÙÖÛÌÐÕɯȹ-ɀɯÛÖɯ"ɀɯÛÌÙÔÐÕÐȺȮɯȹÐÐȺɯÛÏÌɯÜÕÍÖÓËÐÕÎɯÖÍɯÖÕÌɯ-ÓÜÊɯ×ÙÖÛÌÐÕɯȹÉÓÈÊÒɯ

abstract line), (iii) the unfolding of another Nluc protein (black abstract line), and , 

lastly, (iv) the unfolding of the last Nluc in the construct. Note that the Nlucs 

unfolding process is stochastic and does not necessarily ha ppen in the depicted order 

and the schematic is for visual purposes only. (b) Schematic of I91 2-Nluc -I914 

ÊÖÕÚÛÙÜÊÛɯÞÐÛÏɯȹÐȺɯËÌ×ÐÊÛÐÕÎɯÈɯ-ɀɯÛÖɯ"ɀɯÛÌÙÔÐÕÐɯ×ÜÓÓÐÕÎɯÈÕËɯȹÐÐȺɯËÌ×ÐÊÛÐÕÎɯÈɯ×ÈÙÛÐÈÓɯ

unfolding of the construct with the pulling forces being applied only to part of the 

total I91 2-Nluc -I914 construct. Note that with  rainbow color we depict Nluc (PDB code 

5IBO) and with light blue we depict I91 titin domains (PDB code 1WAA). For both (a) 

and (b) we depict the sample surface on the far left with gray bar and on the far right 

we have the cantilever with gray triangle and rectangle combined shapes.  

A.2.2. WLC model fitting of recordings and ◕╛╬ calculations  

For every experimental recording we collected values for real time Force (F) and 

extension (x), which were used during the WLC model fitting process. In Figure 46, we 

have one of the force-extension recordings of the I912-Nluc -I914 construct. With  black 
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lines we have the raw data and with dashed pink lines we show the WLC fitting curves 

for every individual peak. By fitting the WLC model (as discussed in the Experimental 

Background section) we collect the values for persistence length, p, and contour length, 

L, for every peak. The contour length increment for the first peak would be ῳὒ ὒ

ὒ. In Figure 46, ὒ would be the contour length obtained from WLC fitting of the Nluc 

unfolding peak, and ὒ would be the contour length obtained from WLC fitting of the 1 st 

I91 titin domain unfolding peak. Therefore, the contour length increment  ῳὒ would be 

ÛÏÌɯÙÌÚÜÓÛɯÖÍɯÛÏÌɯÐÕÊÙÌÈÚÌɯÐÕɯÛÏÌɯÔÖÓÌÊÜÓÌɀÚɯÌßÛÌÕÚÐÖÕɯËÜÌɯÛÖɯÜÕÍÖÓËÐÕÎɯÖÍɯÛÏÌɯ-ÓÜÊɯ

protein. Similarly,  ῳὒ ὒ ὒ is the difference between the ὒ, the contour length 

obtained from WLC fitting of the 1 st I91 titin domain unfolding peak, and ὒ, the contour 

length obtained from WLC fitting of the 2 nd I91 titin unfolding peak. Similarly, we obtain 

ῳὒ, ῳὒ, ῳὒ, ῳὒ, and ῳὒ. Especially, for ῳὒ, the ὒ is the contour length 

obtained from WLC fitting of the peak generated from the detachment of the 

polyprotein from the cantilever.  

3ÏÌɯÐÕÊÙÌÈÚÌɯÐÕɯÌßÛÌÕÚÐÖÕɯ×ÙÐÖÙɯÛÖɯ-ÓÜÊɀÚɯÜÕÍÖÓËÐÕÎɯpeak is due to the pre-

stretching of the initially relaxed polyprotein construct. Parts of the construct that 

contribute to this pre-stretching are linkers, which are random coils aligning without 

much resistance to the direction of the applied force.  
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Figure 46: Worm -like chain (WLC) model fitting on full unfolding of I912-

Nluc -I914 construct.  

A recording of I912-Nluc -I914 showing a single Nluc peak followed by six I91 titin 

ËÖÔÈÐÕɯÜÕÍÖÓËÐÕÎɯ×ÌÈÒÚɯÈÕËɯÛÏÌɯÔÖÓÌÊÜÓÌɀÚɯËÌÛÈÊÏÔÌÕÛɯ×ÌÈÒɯȹÓÈÚÛɯ×ÌÈÒȮɯȃƖƘƔÕÔȺȭɯ

With black we present the raw data of our measurement and with dashed pink lines 

we present the WLC model fit for every  individual peak. We indicate in every case the 

difference of the contour lengths between the peaks resulting to the contour length 

increment for every unfolded protein. Calculations of the contour length increment 

for the first peak are done by  subtracting the contour length values obtained from the 

WLC model fitting of the 1 st I91 titin domain peak ( ╛) from the contour length from 

the WLC model fitting of the Nluc unfolding peak ( ╛), resulting to ◕╛╬ ╛ ╛.  
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A.2.3. Partial recordings of I91-Nluc-I91-Nluc-I91-Nluc-I91 

 

Figure 47: Examples of partial unfolding curves for I91-Nluc -I91-Nluc -I91-

Nluc -I91.  

 Force extension curves of I91-Nluc -I91-Nluc -I91-Nluc -I91 with red showing a partial 

unfolding (pulling speed 0.25 nm/ms) with one I91 titin domain and with pink 

showing a full unfolding of the entire construct (pulling speed 0.5 nm/ms).  
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A.2.4. Example of double peaks of I912-Nluc-I914 with all I91 domains 
present 

 

Figure 48: Recordings of full unfolding with double peaks for a Nluc protein 

for I91 2-Nluc -I914 colored blue (pulling speed 0.25 nm/ms).   

We overlapped these recordings with recordings of the same construct in which Nluc 

gave a single peak (light blue, pulling speed 0.25 nm/ms). Both recordings show all 

six I91 unfolding and overlapping well. The insert is a focused area of the recordings 

showing the Nluc unfolding peaks.  

A.2.5. AFM-based SMFS statistical analysis of the I91 titin domains 
from the full length recordings of I91-Nluc-I91-Nluc-I91-Nluc-I91 
and I912-Nluc-I914 

Additionally, the analysis of the I91 force peaks for both constructs show similar 

mechanical behavior to that previously reported (117, 180) at comparable stretching 

speeds of (0.25-0.5 nm/s). Our analysis showed that I91 domains in I91-Nluc -I91-Nluc -

I91-Nluc -I91 construct had Ὂ ρωψσ ὴὔ, ῳὒ σπȢφ πȢυ ὲά, and ὴ πȢτππȢπρ ὲά 
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with n=186. In comparison, I91 domains in I912-Nluc -I914 construct had Ὂ ςπφσ ὴὔ, 

ῳὒ ςχȢχ πȢσ ὲά, and ὴ πȢσσπȢπρ ὲά with n=359.  

A.2.6. Statistical analysis 

In order to evaluate the statistical significance of the results regarding the 

unfolding forces of the three constructs we performed t -tests between the distributions. 

We found that for I91 -Nluc -I91-Nluc -I91-Nluc -I91 and I912-Nluc -I914 the distributions 

were not statistically significant with a p value of 0.58. When comparing I91 -Nluc -I91-

Nluc -I91-Nluc -I91 and I912-Nluc 3-I912 our results gave a p value of <0.0001. Likewise, 

when comparing I912-Nluc -I914 and I912-Nluc 3-I912 we found  a p value of 0.021. These 

last two results show that the data from the I912-Nluc 3-I912 construct are statistically 

significant when compared to I91 -Nluc -I91-Nluc -I91-Nluc -I91 and I912-Nluc -I914, 

respectively.  

For transparency, the analysis and fitting of the data  for I912-Nluc 3-I912 construct 

was performed by a different person following different methodology (e.g., fitting with 

fixed persistence length of 0.4 nm). This along with other differences, such as using 

different cantilevers and different devices, could have contributed to these differences.  
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A.3. Additional information on all-atoms simulations 

A.3.1. Small box force-extension profiles 

 

Figure 49: Force-extension profiles on small box simulations with constant 

velocity showing two peaks labelled with A and B.  
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A.3.2. Small box force-extension profiles at 0.1 nm/ms 

 

Figure 50: Force-extension profiles on small box simulations with 0.1 nm/ms 

constant velocity showing a single peak at around 1.5 nm labelled  with A.  
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A.3.3. Small box opposite pulling direction force-extension profiles 

 

Figure 51: All -atoms MD simulations for pulling in the opposite direction.  

Force extension profiles on small box simulations with constant velocity with the 

pulling being generated in the opposite direction, Ala (# 171) Ca being the fixed and 

Met (#1) Ca being the SMD atom.  Force extensions show similar behavior for when 

the Ala (#171) Ca was used as the SMD atoms and Met (#1) Ca was fixed. Movie frames 

of this simulation also show similar unfolding.  
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A.3.4. Movie frames for small box with opposite pulling direction 

 

Figure 52: Movie frames for smaller box simulations with pulling in the 

opposite direction . 

SMD atom is the Ca of Methionine 1 (here shown as Met -1) and fixed atom being the 

Ca of Alanine 171 (here shown as Ala 169).  (a) Starting position of the simulation at 

time zero, (b) frame before peak A is generated (43.31  Å), and (c) frame after peak A 

(59.65 Å). With peak A we refer to the peak in Figure S10 from Supporting 

Information. In this simulation the starting distance was 2.496 nm (24.96 Å). With blue 

we labelled the residues and with black dashed line the end -to-end distance. 

A.3.5. Movie frames for large box 

Movie frames of the simulations were taken in VMD (Version 1.9.3). With blue 

letters we show the Ca of Met (#1) and Ca of Ala (#171). We note that VMD visualizes the 
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number of residues based on the PDB file which has Met (#-1) and Ala (#169) with the 

total number of residues still being 171. With black line we represent the N - to C-

terminus distance from the Ca atoms for both residues. We would like to note the units 

of the distance are in Angstrom rather than nm, as shown in the VMD software.  

 

Figure 53: Movie frames of large box simulations of Nluc for one of the six 

simulations in total.   

(a) Starting position of the simulation at time zero (26.16 Å) , (b) frame before peak A 
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is generated (52.97 Å), and (c) frame after peak A (67.16 Å). With peak A we refer to 

the peak in Figure 30 from the main text. In this simulation the starting distance was 

2.616 nm (26.16 Å). 
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Figure 54: Movie frames of large box simulations of Nluc for one of the total 

six simulations (continuation of the simulation above).  

(a) frame before peak B is generated (129.16 Å), and (b) frame after peak B (167.73 Å). 

With peak B we refer to the peak in the Figure 30 from the main text.  
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