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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 chainscan 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 increasein temperature). This can
result in protein misfolding and possibly formation of aggregates that are dangerous to
cell viability. Some of these aggregatesre known to result in diseases such as
Alzheimer's disease.

Additionally, in cellsthere is aclass of proteins,the molecular chaperones Those
have been shown to assist other proteins tofold 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 ¢ 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



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-
assistedrefolding 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 beenextensively used in molecular chaperone-assisted
refolding 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 U1 1 wx UrGiivé sa@ 7Thus, 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.



In more detalil, 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 191
domains for the mechanical unfoldin g, misfolding , and refolding experiments. The aim
behind these experiments was toexamine the misfolding and refolding behavior of Nluc
when it is linked to itself versus when it is separated by the titin 191 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 191 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,"@p 0 & 6 GO p. In this chapter we examine and discuss the
unfolding behavior of this poly-Nluc and titin 191 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,,"@p 0 & 6 ¢ p and
‘@p Daoddmp Daddmp U &6 o plnone of these constructs, we have the
same number of Nluc proteins (three) and titin 191 domains (four), as the construct in
chapter three, but in this construct the Nlucs are separated from each other by titin 191
domains. By mechanically unfolding/refolding this construct, we canexamine 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 19 1
domains. The two constructs in this chapter were compared in order to examine if the
three Nlucs behaved as three?single? Nlucs, like inthe @p 0§ & 6 ¢ p 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
coarsegrained MD simulations were performed by Dr. Pan Zhang, a PhD candidate at
thattime in Dr. 6 1 D UE O w8 E Ods gatd di b ¢dikbration.

In chapter five, we tested three protein constructs we engineered that we used in
our chaperone assisted refolding studies via bioluminescence assaysThe constructs
generated were monomeric, dyad, and triad Nluc , which we thermally denatured at the
melting temperature of v YO in the absence of chaperonesDuring 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 DnakK, did not have a significant effect in refoldi ng of
these constructs. This is contrary tothe literature up till now as in most cases GrpE is
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 Zhangand 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 JacobBerzelius. The latter suggested
this name, believing that , U O E Idistpviery 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 Y-helix and ¢-sheet(2). This discovery enabled scientists to
understand proteins and build protein models almost a decade beforethe 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
macromolecules! 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

11n 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 beincorporated 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.

R

H,N —Cz—COOH

H
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Figure 1: Structure of an amino acid. Every amino acids consists of a central
carbon gL, anamino group 4 3 » carboxyl group (COOH), and a side group (R) . Figure
is taken from reference (4).

Every amino acid consists of a central carbon (Cv), an amino group (NH2), and a
carboxyl group (C(=0)OH), a hydrogen and a side group (R), also referred to as side
chain, as seen in Figure 1 al of which are covalently bonded? 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 separatethe various amino acids among each other.
The side groups of the amino acidsvary 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. Therepeating 0 0 O unit of this (poly)peptide chain is also referred

to as theprotein 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 GH 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 ? | Ul 1 2 w EGi»Hroup knd the end of the chain will similarly
have the ? I U unlinked: 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 Y-helix and ¢-sheet. These are achieved by the formation of
hydrogen bonds? 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*,

3 Hydrogen bonds are a specfic 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? (also referred to as salt bridges) hydrophobic, and van

derWaalss®OU1 UEEUDOOUwWPPOOwi UUUT | UwUUEEDPODAT wUT 1 wx
Lastly, some proteins aremonomeric, 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 ofmore 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 usingthermodynamic s and its
principles. These can be verysignificant considering how thermodynamics can
determine whether a physical process is possible. Thermodynamics describes
relationships of various forms of energy , such asenergy of chemical bonds or energy of
intermolecular interactions , and how this energy macroscopically affects matter. The
work here doesnot focus in great detail on the thermodynamic description and analysis
of the systemsdiscussed. However, it has a crucial partin understanding many

processeslater described, such as?why proteins fold to their native state ? and ?how do

5lonic bonds are formed when oppositely charged side groups (R) are electrostatically attracted. They are
the second strongest bond below covalent and above hydrogen bonds.

6Van 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 2. Also, thermodynamics are focused on spontaneous processes,
meaning processes that arecompleted 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 1t 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 changesthat 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 releaseor absorption of heat from or
to the reactants and products of this reaction.

Apart from the 1stlaw of thermodynamics, the 2 law of thermodynamics is also
very crucial to biological systems. The 2 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 canarrange 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 freedomincreasing
the entropy of the water. Additionally, m any processes can be reversiblehowever 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 ("Q. We usually are
interested in the changes of the Gibbs free energy (@ "D which indicate how spontaneous
a process isunder constant pressure andtemperature “Y

©0 ©0 "YoY
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in which  "@s changes is enthalpy, and ¥ changes in entropy.

Knowing the values of o "Gnd w “We can predict if a process is enthalpically
and/or entropically favorable. From this we can infer if a process is exergonic or
endergonics, or in equilibrium °. A well -known and vital exergonic reactionin biology is
the ATP hydrolysis, which is utilized in many biological reactions . This isdue to the fact
that the released energy of the hydrolysis canprovide the necessary energy(30.5 kJper
mol e) 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 beimportant 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 sto 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.



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)!° 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 reactionwith = G>0take place. However, they can accelerate thesystem to
reach equilibrium by controlling 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, PUwD UwUUDPOOwWUOOOOPOwi OPWEwWxUOUI POz UWwEOBDOO
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 acceptedis that native states of proteins under

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

10|n biochemistry enzymes are proteins that drive reactions involving their substrates to proceed. This is
done by decreasing theenergy 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 observedfor 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( P
"YO "Qwith 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)
10



While these studies of protein unfolding and refolding were taking place, in 1963
Levinthal made key calculations which resulted to what is now knownas +1 YBDOUT EOz Uw
paradox (12, 13) These calculationsdemonstrated how unlikely it is for proteins to
randomly explore all the ir available conformations untilt hey? UU U OE O theirwu OO U O w
native conformation. In fact, if the random searchwas 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
UUEUT EwOT EOwOT T wxUOUI POZUWEOPOOWEEPEWUI gUI OET w
i OCEPOT WOEEUUUWEUI wUT T wgl Uil UODODLOT wi EMUOUUWOI w
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 ALOO amino acids tend to fold spontaneously
byUTl 1 OUI OYTI UOWEOQGEwWUT T Ul wxUOUI POU w@)UThase OOUDPET Ul E
proteins have two -state kinetics,"OP "Y(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 landscapeof 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 landscapein 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
i U001 QwkPl Ul wEODHWPEE U4 HERWO®Ii W01 EPEUI UOWEOEwWEOa wb

N~ A

fun®Oi OQwbi-WEWPrBBa» WwbOUI U

Qu

1 EDEUI U

A

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 wasnot sufficiently
describing the folding of proteins . This was becausethere were two ways a protein
EOQUOEwWI OOEwWUT ECwkI Ul wU U WHEWIOR Addthek fmithlod of E wgp? O1 1 2
+1 YPOUT EOzUwi Ol UT AawOEOQEUEEXx]T whEUWUT T wEI xDEUDOO
(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 Figure3(a) with black
dots and black arrows. This energy funnel is for an idealized smaller in size protein.
Most medium to large size proteins ( p T 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 energylandscape have hills that can be seen as kinetic trapswhich
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 rugged energy landscape. Figure is taken from reference (16).

Moreover, since a large number of proteins are complex with rugged or bumpy
energy landscapes, the cellautilize 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 thefirst scientist to argue how these studieswere liable to producing biased
results ignoring or dismissing the contribution of chaperones (18). Additionally,

scientists started to observehow 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, ientists 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 Rosettaalgorithms 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 Al company, was able to correctly predict about 100,000structures 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
[ OUWUOT T wi PUUOWUDLOT wWUOT T wUI UOwW2EPIG®©r iE198F BadnuET Ex 1 UO
$00PUWUUTTIT UUI EwOT T w0l UOwW? 0001 EUOEVUWET ExI UOOI U
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 essentialin 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(27 30). Interestingly,
throughout the living organisms several of these chaperones have been conserved(314

35)with many homologues found among E. colj 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.2 OE OO wx UOUT DOUwpAhy YwEO

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 isstill
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 releasead 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 temperatureand changes
in the pH, which will compromise UT 1 wx UOUI b Oz U tekpbsidgpaiswfithe UUE O U U I
protein to the intracellular environment . In all cases, thesesegmentsof the polypeptide
chain can berich in hydrophobic amino acids, which when exposedresult 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
guasi-stable non-native conformations (misfolding) and/or form ation of non-specific

aggregates and as aconsequencecan causefarther degradation of the proteins or
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diseases However, | UOQwUT 1 wE 1 OtbezekbretsEHpOtEins &y&cttiaDwith
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 aboveto 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 alot of degenerative and neurodegenerative diseases related
to protein misfolding, including O&ai 1 POl Uz UWEDUI EUI OQw/ EUODPOUOOZ L
disease, Creutzfeldtt Jakob disease, cystic fibrosisand & EUE T 1 Uz (28 B#4B)ITEU |
significance of these diseases is better evaluated if we considerthat Q41 1 POl Uz UwWEDUI
is the cause behind 6070% of dementia cases with narly 10 million arising every year
according to World Health Organization (WHO , link: https://www.who.int/news -
room/fact-sheets/detail/dementia).
Therefore, cells havedeveloped 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 factorg87). Molecular
chaperoneshave been shown to be beneficial inpreventing proteins from misfolding
and forming bigger aggregates at the earlier stages ofprotein misfolding. Additionally,
they have been shown tobreak down the formation of toxic protein aggregates, which in
some cases can be highly ordered, such as fibril{44). Especially, it has been ofgreat

interest the potential of utilizing molecular chaperones in medicine (18).
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Interestingly the majority of molecular chaperones have a basallevel 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 toregulate transcription factors and protein kinases. For
example, the expression levelsof DnaK in E. coliat ¢ x0 under standard growth
conditions is approximately 50 4M in the cytosol with similar concentrations for GrpE,
while DnaJ is about 10 times less(46). Under stress, e.g., heat shock oE. coliatt ¢0

DnaK concentration increases 2 times after some minuteg47).

1.4.3. E. coli chaperones

In E. coliwe canfind the following chaperones DnaK, DnaJ, GrpE, GroEL,
GroES, trigger factor, and ClpB (18, 37, 48) These chaperones are usually ceoperating
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 onthe DnaK, DnaJ, GrpEchaperonesand we will be describing the

K/J/E systemin more detail .
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One of the most fundamental chaperones in nature is Hsp70. In E. colithe Hsp70
chaperone isDnakK, along with its co -chaperone DnaJ and GrpE(46, 49, 50)Hsp70 has
approximately 40% sequence identity between E. coliand humans (51). Its co-chaperone
heat shock protein 40 (Hsp40) also referred to as DnaJ inE. coli has a domain, referred
to as 3Jdomain, 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. colican 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 peoplewould 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

22



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 (54t 57), protein structure determination ( X-ray
crystallography , NMR, Cryo-EM) (27, 58 63), single molecule studies (Single molecule
force spectroscopy (SMFS))644 67), 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 DnakK, 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 DnakK, 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 sequencescontaining 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 KJ/E chaperone system is shown in Figure 5,

with m any literature papers showing a diagram very similar to this.
DnaK
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ATP é - ADP ﬂ
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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 as2021 scientists identified a new possible state of DhaK
allosteric cycle that is not reflected in the schematic aboveseen in Figure 6 This recent
finding further emphasizes how challenging and strongly dynamic th e K/J/Echaperone
system isand how identifying small changes is extremely difficult . At the sametime, it

shows how even though this system has been studied for many decadesup till now,
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many parts of this chaperone system, which is crucial in refolding 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 tadhe 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 4 M 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 "0 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 DnaKis mostly monomeric at 50 4M (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. colicytosol (78, 79) so far only a small number of substrates,such as firefly
luciferase (Fluc) (56, 68) proPhoA (54, 59, 60)bh2(80), maltose binding protein (MBP)
(59), ubiquitin (81), Protein L (82), titin 191 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 peptidest, and many studies involved fragments of
proteins or full sequence ofproteins.

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
helical domain (SBDY), which is suggested toact 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 DnakK, 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 depictionin ~ UCSF Chimera to depi ct
the amino acids.

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

in 2013 a 38% Hsp40 homologue oft. coliDnad from Thermus Thermophilug/ias 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 structuresis shown in Figure 8.

Figure 8: DnaJ dimer (PDB code 4J8(. 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)
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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 thelight produced by a chemical reaction within living organism s.
Theseultimately require an enzyme to catalyze th e chemicalreaction (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
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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 seenin the chemical equation below. The product
molecule is initially in an electronically excited state ( 0 ), 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 photonshave energiesin the visible light
spectrum, e.g.,~250kJper mole for green light (~500nm) (88). For reference ATP to ADP

hydrolysis is about eight times less than this 30.5 kJper mole.

66 &HQUA W 000 D

The color of bioluminescence is affected by several factorg(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 0 * 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 0 * 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 instudies 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 reactionsis 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 se¢ the maximum time allowed by our device

(GlowMax 20/20 Luminometer by Promega company, product number E531J.

2.2. NanolLuc protein

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

or in revision manuscript (85, 86)
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Up till now it is known that bioluminescence can be produced in bacteria,
fireflies, dinoflagellate and coelenterates(87, 88) Every group has aits 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) Recentlyin 2012a new luciferase was engineered by Promega,
which was originated from a small subunit of the deep sea shrimp Oplophorus
luciferase (OLuc) (92, 94 98). This subunit, which is the catalytic domain of OLuc (92)

referred to as OLucl9, is bioluminescent. It has been shown that this bioluminescence
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reaction is ATP independent and usescoelenterazine'? (substrate) (92, 94 96, 99)to

produc e a blue light, used by the shrimp as a selfdefense mechanism against predators.

Since OLucl9 was unstable and aggregated when expressed irkE. colicells (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 unigue among known proteins, having little homology to other

bioluminescent proteins (100) However, Nluc s 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)- OUEOwODP Ol wb +! / ¢OQE & UjsiOf@xabBstivet@© ] Ows
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, alll and alV consistent with the iLPBs
nomenclature) along with an additional small ¢-UT 1 T OwpOE UOIT Bau# z wubOw%bil Ul
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 all helix is displaced, so that

it is now parallel to the alll helix rather than the al helix as seen in iLBPs, which is

probably in order to accommodate for the extra ¢-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  ¢D and ¢E
sheets forming hydrogen bonds (look Appendix A for more details ). Most importantly,
in Nluc, like iLBPs, the ¢A strand has a unique twist allowing it to form H -bonds with

both ¢B and ¢J (as seen in Figure 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  Jrotation 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.

311 PUWEUUI OxUUwUI U U OudrhaZine (32,94 389¢ 208108) B EigueUE U1 Owi
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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, 132.15). 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, 102107, 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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In this work various protein constructs were developed in order to study - OUE z Uw
mechanical and thermal stability . - O U E z U w Whtdih8d&rond X-Ray crystallography
measurementsis provided in in the PDB website with access number 51BO(94). This file
PEUwWUUI EwUOWEE@UDPUI wUT T wxUOUI DOz UWEOEDOT wul @UI
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 vectors3 were used to create the

13In 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
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protein construct s, pET-15b and pRSETa(85, 86, 117, 118)nitially, the plasmid

developed by Dr. Zackary Scholl during hisPhD in# U8 w/ POUUw, EVUUAEO]I Oz UwO

as a templateforthe @ p 0 & 6 G p protein construct. pRSETa vector was usedo

generatethe original plasmid ‘@ p "Od& 6 &» p (Fluc, PBD code 1BA3) mentioned in

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

first 191 (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 ‘@ p "Od& 6 &» p plasmid neighboring

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

present from IDT . This resultedto @ p 0 & 6 G&» p protein construct (tags not

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

x OUUEOEWEUwWUT EQwUDOl wbOw#UBw, EUVUAEOI Oz UWOEE
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 thepEMI91 plasmid, previously reported (117), which has nine 191 domains

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

triad Nluc, all nine 191 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'mp U & 6 W p the third to seventh 191 were removed and three Nlucs
were added between the second 191 and eighth 191 (according to the initial pEMI91
plasmid). For'@p G a6 ddp G a6 ddp O & 6 cdpthe@p 0 a6 O@p
plasmid was used. Cloning was performed to relocate the second and third Nlucs from
‘@p O a6 O@p between the first and second 191 and the eighth and ninth 191,
respectively. Comparison of the protein sequences and their relative relationships
among the various constructs can be seen below:

191,-Nluc-191,4:191-191-Nluc(2)-191-191-191-191

PEMI91:191(1)-191(2)-191(3)-191(4)-191(5)-191(6)-191(7)-191(8)-191(9)

1915-Nlucs-191,: 191(1)-191(2)-Nluc(1)-Nluc(2)-Nluc(3)-191(8)-191(9)

191-Nluc-191-Nluc-191-Nluc-191: 191(1)-Nluc(2)-191(2)-Nluc(1)-
191(8)-Nluc(3)-191(9)

Monomeric Nluc: Nluc (2)

Dyad Nluc: Nluc(1)-Nluc(2)

Triad Nluc: NLuc(1)-Nluc(2)-Nluc(3)

Figure 11: Detailed description of protein sequence for poly -protein constructs.
Sequence of protein constructs for monomeric, dyad, and triad Nluc along with
L J.o%k E J.Q%I: J.Q%L J.o%k,k J.o%

L and pEM91 protein constructs. All constructs have starting from the N -terminus

a His-Tag, a thrombin site, the Nluc sequence, and a StrepTag Il. For k dmo J,'f
E  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 ‘@p 0 & 6 ¢ p, had T7 promotor,
followed by a 6HisTag, a thrombin site, the sequence mentioned, a StrepTagll two
cysteines,and a T7 terminator. All proteins were separated by a 4-5 residue linker .
Similarly, for ‘@p 0 & 6 ¢ p, 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 surface.Finally, all plasmids had ampicillin

resistancefor 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)
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For protein expression we used BL21-Gold (DE3) competent cells (Agilent , Santa
Clara, CA, USA). After transformation with the heat-shock method following
manufacturer s 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
Isopropy! ¢-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 NaH2PO«/NaHPO4 pH 8, 300 mM NacCl, 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+/Na:HPO4, 300 mM NacCl, 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 200Increase 10/30Q. column and the AKTA 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 KCI, 1or 2 mM DTT) and flash frozen at D1
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 (Goéttingen,
Germany).

E. colichaperones# OE* OQOw# OE) Ow&Ux$ wbi Ul wxUUPI DI EwbOws
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. , E U U & EM&théni@ali Stability of a Small,
Highly -Luminescent Engineered Protein NanoLuc? Ow( OUI UOEUDOOEOQw) OUUDEC

Sciences 22 (1), 55 (2021)
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All purified engineered constructs displayed bright bioluminescence signal (see
Figure 12). For all bioluminescence measurements, we used Nano-Glo Luciferase Assay,
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 reagentneeds to befreshly 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 4L 206 nM k 4 mwo gk in Buffer A
after mixing with 50 4L Nano-Glo Luciferase Assay Buffer.

The assay buffer contains N luUE z Uw U U E U U U E U Imagad by méifepomed | 6 wop
(85).

For all bioluminescence measurements 50~ L of the protein at the reported
concentrations were mixed with 504%L of the assay reagent The 1004L of reaction was
allowed to equilibrate for 3 min before collecting the bioluminescence signal, following
OEOUI E E lndiruttionsz U

For the chaperone assisted refolding bioluminescence assag 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 nMwere thermally denatured at v i in
Buffer B (25mM HEPES pH 7.5, 100mM KCI, 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 KCI, 2mM DTT, 0.05% Tween 20, 5mM ATP, 10mM

43



Mg(OAC) 2). Chaperone assistedrefolding was initiated by 10 -fold dilution of the
proteins in Buffer C already including DnakK, 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 4L) was combined with 50 #L 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 with 3% _ DnaK, 1% _ DnaJ were heat shocked att ¢0 in Buffer C (no
T20 added) with later addition of 3 4M GrpE whenever mentioned. For BL signal at
various timepoints, 5 4L of Fluc and chaperones sample was mixed with 504L 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 &
w p Q equation. Similarly, we fitted the thermal denaturation curves using the
W ® Q ,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 1981while 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 biomoleculesSince 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). AFMbased SMFS, is one of the three
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main methods of SMFS alongwith 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.qg.,
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 Staudingerwas the first to propose the hypothesis of
macromolecules. He defined polymers as molecules that aremade 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 thesecE OD OO WEEDPEUwpO OO 001l UUAWEOOZ OUwbOUI L
however in reality the monomers interact with each other and the buffer surrounding
them. These interactions make theproteins re-orient themselves in space by rotations. In
1963Ramachandrang Uwb OUOwWET OOOUUUEUI EwUI E Uinebr| butwx O 0a x 1 x
there are three torsion angles(125) Thosereflected the rotation of the bonds in the

polypeptide chain. The first one is formed between the central carbo (6 ) and the
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nitrogen of the amino group, called the T (phi) angle. The second one is formed between
the central carbon (6 ) and the carboxyl group, called the ¥ (psi) angle. Lastly, the third
angle is between thecarboxyl group of the n-th amino acid and the amino group of the
(n+1)}th amino acid, called the 6 (omega) angle. These anglesessentially determine the
folding of proteins.

Apart from the torsion angles, t he contour length 0 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 isusually found in a compact
instead of an extended form . This compact state is achieved by theprotein z khackbone
rotation and bending to form its secondary structures by reorienting itself. This shape
ends up having an approximate radius , the radius of gyration Y , which is away 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 bedescribed
asa 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 isto consider the polypeptide chain as a
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semiflexible continuous rod. The persistence length pis away to measure the local
stiffness of this chain. In other words the persistence length is the smaller length above
which the polypeptide chain can becurved, 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 A, therefore usually the persistence lengthconsists of a few amino
acids in length.

Optical tweezer SMFS eperiments performed by Bustamante in 1994on 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:

extension of the molecule, and 0 is the contour length. The experiments are usually run
at room temperature therefore 'Y ¢ wipand™@Q p& pymoewp g W ,therefore

N4 19 pd.J I,sincepd pod .
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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. , E U U & EM2thani@al Stability of a Small,

Highly -Luminescent Engineered Protein NanoLuc? Ow( OUI UOEUDOOEOQw) OUUODEC
Sciences 22 (1), 55 (2021)

D. Apostolidou Ow/ 8 w9 i EOT Ow6 8 w8 EOT Ow/ 6§$6w, EVUVUAEOI OC
Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer
2DOUOGEUDPOOU> Ow! DPOOEE URITBG2022FE UOT Uwl + wophl AOQwk hut K

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 mechanicallystretch proteins is
AFM -based SMFSThis technique has been used to examine both the forceextension
behavior of proteins, along with the unfolding and refolding equilibrium of proteins
The set up usedhere was custom-built D Ow# Ud w, E U, Beweverith® hakicuOE E
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 simply 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
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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.

Laser
Mirror Source
L )
Photodiode ‘. Cantilever

Gold surface

Piezo Actuator

Figure 13: Atomic force microscope (AFM) -based Single Molecule Force
Spectroscopy (SMFS) setup. 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 sampleis 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 slidewere
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 setup, 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 photodiod e, onto which the laser beam isfocused after being

reflected at the back of the cantileverand then a mirror . The photodiode is divided into
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guadrants. Maximum signal from the laser beam onto the photodiode is achieved when
the beamis 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 theexperimental 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 cantileveris coated
with a thin layer of reflective material, such as aluminum, allowing the laser beamto
reflect at the back side of the cantileveronto 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 -3444mlct.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 50 L of
our sample, 0.250.5mg/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
4 + uBbffenA three times so the surfaceremains 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 Il experiments were performed at pulling rates of 0.05 -0.50 nm/ms

depending on the experiment. Finally, all experimental processes wereoperated 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.
, EUUAEOI Oz UWOEES®
2.3.4.4 Force-extension recordings at constant pulling speed

The AFM-based SMFS can beperated DO wUP OwOOEO OB W? OB OE w? U x
O O E I Inup 4mode, 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 (% 10 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).

(a) Up-mode (b) Down-mode
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Figure 15: Schematics of AFM -based SMFS experiments. (a) Up-mode
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 actuator, 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
EOWEwW?24al UO?2 wux OUPUDPOOOWEGEWUT T OQwil 61 UWEEEOwU O w!
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 waterair 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? I UOOwOI OT UT wi B x| ubdeiwdsuded far vepeiited] wE Opb O
UOi OOCEDPOT WEGEwWUI | OOEDOT wOi w- OUE OwE distatcei OO WOE E |
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 nmR62 nm. Similarly, a single 191 titin
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domain is 89 amino acids, which would approximately Ul UUOU wUOOwt | wdOOS w# UUD
Ol OT UT wi RxT UPOI OUU2 wOUUwT OEOwP E U us@rdaiigdd), OOE we OO0
so the separation distance was determined to be ~408600 nm, while for the cyclic
experiments our goal was to unfold and refold the Nluc segment, without unfolding 191
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 191 titin domains EUUD OT wUT T w?2 1 UOO6awddw OT U1 wl
Therefore, the distance during separation was reduced to ~80-100 nm for'@p 0 & 6 @
‘@ p and ~150-280 nm for '@ p O & 6 ddp O a6 ddp O & 6 c» pand ‘@ p
0 & 6 W® pconstructs.
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 presentedin the chapters below® Qwi PUT 1 Uwi DUUOT UEOQUOwU U+
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formula or bin size calculations, Q@ & ¢ & p, 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 1977with 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
nonethelessprovided 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 significant in understanding
assemblies of molecules and their propertiesover the years that in 2013Levitt, Karplus,
and Warshel won the Nobel prize in chemistry for their massive contributions 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 whyn recent years MD
simulations have beenfrequently used in combination with e xperimental structural
biology techniques such asX-ray crystallography, nuclear magnetic resonance NMR),
cryo-electron microscopy (Cryo-EM) (134, 135, 137)Additionally, the contribution of
MD simulations in the prediction 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 ergodic theorem, which states thatthe
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
OO0O0I EUOI UWEUI wWEEOEUOEUI EwUUDPOT w-1 PUOOzUwWI QUEUD
can be applied to these atoms and molecules while interatomic potentials or molecular
mechanical force fields are used to catulate 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 hasenabled 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
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widespread of MD simulations and their extensive utilization, the physical models, e.g.,
CHARMMS36, 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. Besidethis, like experiments, MD simulations are prone to errors due to
various reasons, such assampling errors, and a lot of work has beenand is still
performed to identify and reduce them (13% 141) 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 Ow/ 8 w91 EOT Ow6 6 w8 EOT Ow/ 6$6w, EUUAEOI OC
Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer
2POUOCEUDPOOUL? Ow! DOOEE URLITBG2D22FE UOT Uwl + wphil AOwk hut K

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 allatom simulations we did not include linker amino acids that are

61



present in our protein constructs, in order to limit the already big size of the water box

Oll El EWUOWEEEOOOOEEUI wUOUI UETIT Ew- OUES w61 wbOPUD
6.2 x 45.0 nm (system size approximately 193,000 atoms) to almost completely uravel

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)ander

to perform more simulations to evaluate their variability at the initial phase of stretching
EUWYEUPOUUwWxUOODPOT wUxT 1T EUSw( OwUT 1 wOEUUI UWEEUI O
termini aligned on the Z axis, which we chose as the SMD pulling axis. 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 N6se -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 atms) 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 1Qimes 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 10* times greater as compared to
experimental stretching (146). In all simulations but one, a dummy atom was anchored
to the C, atom of the 171 Ala residue of Nluc, while the C, 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 C, atom of Ala (#171) residue being fixed in space and G 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
?3EOQEI OwUI xI EOUWOI wi T T OawEPOOUODPOI UET OUw- EQO+
"UxAYwWOEET POI Ua-»
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
EOOI wEaw# UG w/ EOQw9T EOT wEUUDOT wi aspant/ofia# wb Ow# US w6 |
63



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 nm (system size ~61,400 atoms) and for dyad Nlucl2.6 x
10.8 x9.8 nm3 (system size 127,800 atoms) toallow 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 simulationswithaN @J1 N' OOY1T Uw+EOT 1 YPOwxDPUUOOwWxUI U
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. RMSD for all
simulations were collected using VMD. Additionally, in our analysis we implemented
MDAnalysis Python (148 152)package following the instructions in website

(https://lwww.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
S8EOT zUwl UOUx wEOE wl PUwUT 1 ORartsioftthis oHapieE wefethkett U8 w/ E Ow
and combined from the published and in revision work :

D. Apostolidou Ow/ 8 w9 i EOT Ow6 8 w8 EOT Ow/ 6§$6w, EVUVUAEOI OC
Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer
2POUOEUDPOOU? Ow! DOOEE URITBG222F UOT Uwl + wphil AOwk hut K

?3EOQEI OwUI xI EOUwWOI wi T T QawEDPOOUODPOI UETI OUw- E
EawUli T w UxAYwOEET DOI Ua-»

For coarsegrained steered molecular dynamics (SMD) simulations, we used
SMOG server (153)to generate® 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 longrange electrostatic interaction was calculated by
particle mesh Ewald (157). The integration time step was set as 2 fs. The coarsgrained
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 coarsegrained simulation, and
refolding simulations were performed at 5 different temperatures: 130, 140, 150, 160, and
170temperature units. We selected 150temperature units as the best temperature for
coarsegrained 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.

Monomeric Nluc: MGSS-HHHHHH-SSG- -HELM-NIuc-TSRT-WSHPQFEK-CCMH
Dyad Nluc: MGSS-HHHHHH-S5G- -HELM-NIuc-LEGSM-NIuc-ASRT-WSHPQFEK-CCMH
Triad Nluc: MGSS-HHHHHH-55G- -HELM-NIuc-LEGSM-NIuc-ASGSM-NIuc-TSRT-WSHPQFEK-CCMH

Figure 16: Sequencesfor 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(ll). 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
EAEEw- OUEwW? %3 & ¢tEGSM-5 %36 (+ 213062 8

We prepared the initial structures based on these sequencesThe 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 6 atom of the N-terminal residue as reference
atom and the 6 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 forceextension plots with average behavior.
All simulations were performed in GROMACS 2018.2 (158).

Similarly, f or the coarsegrain 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 6 native structure -based
force fields (154)on SMOG server(153). The temperature for coarsegrained 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
coarsegrained 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 jiOwO Ol w- OUEWEOOEPOOWEDEWUT 1T wEOUUI UxOOEDOT wkE
Ul UPEUT wNz wubOwWEOOUT Idbmain GbtécubEnedreresioue uadd 1 wbOUIT U
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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. , E U U & EM2thani@al Stability of a Small,
Highly -Luminescent Engineered Protein NanoLuc? OQw( OUI UOEUDPOOEOQw) OUUODEC

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, 168167). These processes underlie many
important phenomena such as those related to cellular homeostasis(168 172), cancer
metabolism (8, 173 176), 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, 148
2180 w( OwUT 1 Ul wi Bx1 UPOI OUUOwWOUOI UOGUUW?PUUUI UET » wE
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
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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 forceUWwE Ul wUT OERT EOwUT 1-w@ @BHUVO B OwoO D1
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, 241922). 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, 223226).

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 Nuc
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 hanomechanical 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
x UOEUE] WEOQwWUOOPUUEOEEOI w?i OUET wUxI EVUOT UEO~? wi b
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 forcet extension 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 lowthroughput
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technique (227, 228)ecause the likelihood of picking up a single molecule for

mechanical manipulations is typically lower than 1%. For those reasons, we generated a
?2x00axUOUI DO~> wi 1 Ol wi OUlwdhhdfanked thedintattiie ONAddvel | EU U wOI
with two 191 (formerly 127) 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(191) proteins (180, 229) When

expressed, force spectroscopy on the polyprotein allowed, for every successful

OEUI UYEUDPOOWO! wOT T wOOUIT Dwodi wxUudUl pOwm@di OOEDOT w
increase in the number of mechanical denaturing events that could be analyzed. We

expressed@p U & 6 @@ pconstruct in E. coli After purification, the chimera protein

containing three N luc repeats was actively bioluminescent (Figure 17).
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Figure 17: Bioluminescence results of Jwodtk

Bioluminescence measurements of 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  k 4 mo sk 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
‘@p O a6 @ p 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'@ p 0 & 6 Q'@ pconstruct has a decay ofo ¢
L Uk Q&

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

74



force sensor. In the case of AFMbased SMFS the protein is extended by a piezoelectric

actuator supporting the sample, with the precision better than 1 nm (10-2 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 (p 1t 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

OEUI UYl EWEAawWEWUUEET OwE Uetensiap Euwe. THe Bathway iy OwUT 1T wi O
which the N luc polyprotein unfolds was determined by applying load with a range of

constant velocities between 0.03 0.25 nm/ms (most recordings were at 0.25 nm/ms).

When performing force spectroscopy onthe @ p 0§ & 6 W@ p construct, we observe

up to four peaks or unfolding events that are characteristic of the four 191 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

Eil OEOCUUEUDPOOwW] YT O0wi UOOwUT 1T w? EOOG@Ywion®d] OT U7 » wo
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 t extension 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 forcet extension

curves.
d
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Figure 18 Example of force -extension curve for a poly -protein construct.
a) Depiction of the k 4 w0 4k E  construct. On the far left is the surface and
on the far right is the cantilever. In between, we can see with cyan the 191 domain
(PDB file 1WAA) and with red the N luc proteins (PDB file 5IBO). The different
proteins were connected with short linkers (4 45 residues). b) A full trace of the k
4 wo 4tk 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 ‘@p 0 & 6 @@ p

construct are shown in Figure 19t d. The complete unfolding force ¢ extension 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 191 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 191 peaks less than four.
In principle, only the recordings that captured at least three 191 unfolding peaks
guarantee that all three NanoLuc proteins were also subjected to the applied force (this
is evident from the design of the ‘@ p U & 6 W® p construct). This strong criterion
allows to establish the mechanical unfolding fingerprint of 0§ & 6. &aving established
UUET WwWEwW? Ul OxOEUI 2 wUI EOQUEDOT wbUwbUwWUT | Owx OUUDPEOD
peaks and we could also include in the data analysis forcet extension curves that
captured less than three 191 peaks (e.g., 1 or 2) as long as the preceding smaller peaks
overlap reasonably well with the ) & 6 témplate that is characterized by peak force
magnitudes and peak spacing. To illustrate this approach, we overlaid the recordings
with less than three 191 peaks (Figure 19b,d) onto the template recordings with four 191
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 experiments on k& 4 mwo sk construct.

(a-d) Four representative examples of forcet extension curves. (a) Complete unfolding
curve of k 4 mo 4k construct. (b) Unfolding curve with three N luc events

and only three 191 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 191 , handle domains var y depending on the
fragment picked up for stretching (as shown in Figure  19), the number of small
unfolding force peaks that we attribute to N luc repeats is constant. (e) Overlay of 4
traces from (at d). Dashed lines are worm-like chain (WLC) fits with persistence
lengths p = 0.4 nm for Nluc domains and p = 0.3 for 191 domains. (f) lllustration 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
POEUI Ol OUUAWUUENT EUIl EwUOOWExxODPI Ewi OUET UwWEIT | OUI
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 Nluc protein and 191 domains.
We selected 54 recordings with at least three 191 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 191 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
Eil Ol UOPOI EwUUDOT 2@ ¥ & Ip,avbeneik 8 thnlidderdibins 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 * SH) = 88) and an unfolding force of 71.84 +
2.86 pN (mean + SEn = 88), which makes Nluc a moderately mechanically weak protein.
For comparison, ankyrin repeat proteins unfold at around 20 ¢ 25 pN (231)and spectrin
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 170residues*0.365 nm/residue- 0.262 nm = 6179
nm, which is consistent with our experimental results. Similarly, 191 domains give 28.07

+ 0.25 nm (mean £ SEn = 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 191 (histograms not shown) (129)
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Figure 20: Results of unfolding experiments on k 4 mo sk construct.

(a) Distribution of force and contour length increment of both N luc peaks and 191
peaks. (b and c¢) Histograms of the contour length increment (b) and the force (c) for
NIUEwxT EOUS8w2U0U0UT T zUwi OUOUOEwWPEUwWUUI EwUOWEEOE U

3.2.3. Cyclic Measurements of NanoLuc Refolding and Misfolding
(OWEW?EAEODPE? w2, %2 wlOil EVUUUI 601 O0UOwWUT 1T wi OUET U
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 forcet
extension curves will appear similar as those before the first mechanical denaturing,
otherwise the forcet extension 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 20@ 280 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 (150 ¢
180 nm). The smaller extension is chosen to avoid 191 unfolding and a possible
interaction between Nluc and 191 during refolding attempts. Each refolding attempt
spans 68 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.
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Figure 21: Cyclic unfolding and refolding results for ~ k dmodtk

(a) Six examples of refolding attempts on the same molecule of E dmodk
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
Ol O1T U7 wbOEUI OI OUwi UOGOWUOTI OOEPOT WEOEwWUI | OOEDOI
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 @ p 0 & 6 @
‘@ p and there are 248 attempts showing clear peaks in the forcéextension 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 + SH) = 268).

All of the 635 refold recordings can be grouped into three categories: no peaks
(56.2%, n=357), correctly refolded events (16.9%) = 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 typesof misfolded events (9.6%,n = 61).

In Figure 22a, we show 10 force extension curvesthat 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 ablack line for (a) and (b). The corresponding distributions
of contour length increment SEUT wUT OPOwPOwpEAWEOE wpEAOQwUI UxI E
was used to calculate the number of bins for (¢) 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 @p 0 & 6 W@ p 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 thesetypes 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 = SEn = 78).

The second type of misfolding event can be seen in Figure23a. 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 + SH, = 32), which is 1.5 times that of Nuc. 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
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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 shownin(c) and PEAOwUIl Ux1 EUDYI 0adw20U0UT T zUw
calculate the number of bins for (¢) and (d). Bin size of the total recordings was used

for the misfold -2 (c) and misfold -0 (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 two ¢ three 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, NIUEz UWwE UDT T Uw
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 Ow/ 8 w9 T EOT Ow6 8 w8 EOT Ow/ 6§$6w, EVUVUAEOI OC
Refolding of NanoLuc via Single -Molecule Force Spectroscopy and Computer
2DOUOGEUDPOOU> Ow! DOOE E UR1T8G2022/86).01 Uwl + wophl AOwk hut K
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 191 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 w' OP1 YT UOwPOQwUxPUIl wOil wbUOUwl Ul EQwx OUI
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 191 titin domain ,or'@p 0§ & 6 W® p. In this construct, the 191
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domains serve as pulling handles and provide a single-molecule mechanical fingerprint
(117, 228, 231, 234)his 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 0.050.25 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 (850 w31 DPUwW? EPUExx OPOUDOAT »
Ul i OCEDPOT WwET T EYPOUWOT w- OUEwWPUwYI UawbOUI Ul UOUPOIT
structure (94, 96)and warranted further investigation that could contribute to an
UOET UUUEOQGEDOT wOi uredhdhiod réa@odship(@19,180E207) 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 191 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 191 domains; and another one with a single Nluc protein flanked by
191 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
S8EOT zUwl UOUx wEOEwWI PUwWUT T Ow/ T # wU U ddalsedyfdingd EOw9 T EO
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 ¢-strands in Nluc is also quite unusual. The first, N -
terminal ¢-strand (strand A, Figure 9) makes a 90 turn to bind to the last C -terminal ¢-

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)r zipper -like (144, 246243),
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 (2398 w%OU wOUUwWDOPUPEOWUUUEa woOi w-
AFM, we engineered a protein construct with three tandem repeats of Nluc connected
through a linker of 5 amino acids, along with titin 191 domains flanking the Nluc

proteins resulting tothe ‘@ p 0O & 6 W p (85). There are three advantages of making
the construct in such an order, with three Nluc modules in the center flanked by two 191
domains on both sides. First, the 191 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 191 domains have been extensively studied mechanically in the pasi(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 ‘@ p 0 & 6 G@ p
construct, which occurs when the construct is stretched from N - to C-terminus, would
have four characteristic peaks of 191 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
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established (85), they are mechanically weaker than 191 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

201 Ox OEUI » wUrbeasureriehts carChe toinpared, 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 constructis@p 0 & 6 Gwp 0 a6 ddp U & 6 A pln this case we

ET EPOwl EYI w( NWWEOOEPOUWEUWUT T w- ZwEOEwW" zwlI UOBO
specifically binding to the surfac es. The other two 191 domain are placed between the

three Nlucs acting as additional linkers separating them. We also developed a new
EOOUUUUEUwPDPUT wEwWUDOT Ol w- OUEWPDOWOUET UwUOOwi BUUT
with other Nluc modules, a possi bility that cannot be excluded even when Nluc

modules are separated by 191 domains, because Nluc polypeptide chains can come to

EOOUI WEOOUEEUWEUUDOT wlT T wOOOldbldidgcycitwUl OEREUDPOO
experiments. This constructis@p 0 & 0 d p. 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

-OUEzZUwOI ETEOPEEOWETI TEYDPOUOWEOSEWUT T wOUDT DPOwWOIT w

4.2. Results and Discussion
4.2.1. The mechanical unfolding behavior of Nluc in E 4 wo 4t

L L Jwodl and b Jwodt Jwodt

I w0 Jtk s 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 onthe ‘@ p 0 & 6 w® p construct (Figure 24). For the two constructs with
three Nluc modules we observed three characteristic smaller Nluc peaks preceding the
larger 191 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
191 domains, consistent with its design, displayed a single smaller unfolding force peak.

This peak preceded 191 peaks and overlapped well with the Nluc unfolding force peaks

of the other two constr ucts.
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Figure 24: Force extension curves of the full mechanical unfolding of the three

constructs.
E 4 mo gk (green, pulling speed 0.25 nm/ms) (85), £ 4 m ¢tk
dwodtt 4 modE (red, pulling speed 0.5 nm/ms) and E 4 wodtk

(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 191 titin domains. The rupture peaks of both Nluc and 191 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 191 domains
significantly E 1 | 1 EQwi EET widié.1 Uz Uwi OOED AT w
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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
Pl Ul w? Ol UUwx1 Ui 1T EU? wbOwUT E U uitid O1 doGaihem@@U]l wUOi OOE
missing due to a random nature of attachment of the protein to the tip (and substrate).
$REOx Ol UwOI wll 1T Ul w? x EUUDE O-26(1) forfad) Emxd ddwE Ul wUi O
(dark blue). Look at Appendix A for exampleson ‘@p 0 & 6 dwp 0 & 6 ddp
baocmpw [ Ol Uwi UOEEODPUT DOT wOT T w?2UaxbEEO>» wUDI OOE
full length recordings, partial recordings with less 191 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
i OUET EwUOI OOEDPOT OwolOl EVUUUI O OUUZ WUEBGEOOwWI UUOBUUO
Ul UUOUDOT wi UOOwWI 6T 8wlTT wYEUPEUDOOWDOWUT 1T wxUOOD
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 indicatedby significant irregularities in 191 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 presentedin Figure 25for ‘@ p 0 & 6 G p

baocmp 0 a6 dmnd@p O & 6 c p. As we can see from our histograms the

distributions are in good agreement.

(a) (b)
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Figure 25: Histograms of (a) the contour length increment ( 9 %9 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
experimentsof £ dmodk  dmodt  Jmodk (red)yand k Jwod

L (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 @ p 0§ & 6 W@ p 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 ' @p 0§ & 6 @@ p (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 ( B, 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] | &, [nm] p [nm] n
191>-Nlucs-191> 72+3|64+1 0.4 54*
[91-Nluc-191-Nluc-191- |[55+1 58+ 1 0.50 £ 0.02| 220
Nluc-191

191>-Nluc-1914 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 “@p 0O & 6 W@ p we have reported that Nluc modules
unfold with a single force peak, each, in an all-or-none fashion. However, in this study
on@p Vaodmp Gaoddp G aodmd@p U a b dp, 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 ‘@p 0 & 6 G p

with double peaks and all six 191 titin domains unfolded can be found in Appendix A .
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Figure 26: Recordings of full unfolding with double peaks for a Nluc protein
fora) b dmodk dmofk dmodk andb) k A m o gtk
Fork Jdmodtk  dmodk  dwodk onlyone of the Nlucs show double
peaks (red), while the other two are single peaks (pulling speed 0.25 nm/ms). For
E 4 w0 g 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 & dwmo 4k Jdmo &
L 4 m¢dtk colored in pink the pulling speed was 0.5 nm/ms and for
4 w0 4 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 fé6@p 0 & 6 ®
‘@p D a6 dmp O a6 cdpwhile 61% (n=47) are single and 39% (n=30) are double
peaks for@p U & 6 G p. 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 1stand 2 peaks of double peaks for'@p 0 & 6 ®
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@p Oaodmp O a6 c»mnd @p

O & 6 o p, respectively. We conclude that

all these events cover the same range of forces. Figur@7c and 27d show scatter plots of

the unfolding forces against the corresponding contour length increment for both 1stand

2nd peaks of one Nluc molecule. These demonstrate that the clustering of the rupture

forces is within the same range for'@p 0 & 6 ddp G a6 cwp U & 6 G pand

@ p

(a)

191 — Nluc — 191 — Nluc — 191 — Nluc — 191

0 & 6 D p, respectively.
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Figure 27: Violin plots of unfolding force, 3, for single peaks .
We present the 1t of 2 of double peaks, and 2 of 2 peaks of double peaks for (a)
E dmodk dmodk dmodk and(b) E d wo gk | Scatter
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plots of unfolding force, 3, versus contour length increment, < %F showing the
distribution and clustering of the 1 stand 2 peaks for double peaks for (c) E
Jmodk Jmwodk Jmwodk and@) Lk  dwodk Fork dmod

L dmodk dmodk (n=32)andfor k 4 mod (n=30).

We performed a separate analysis for both It and 2" peaks of double peak
events, to calculate the mean and standard error of the mean of F3, sand p for both
constructs and the results are shown in Table2. Both constructs demonstrate significant
agreement in the results of unfolding forces and persistence length with some
interesting differences in the contour length increment. In ‘@p 0 & 6 Cwp 0 & 6 ®©
‘@p O & 6 i phe 1t peak is associatedwith 3, ¢ p o0& @ whilefor @p
O&06 dpitis 3, P ¢ ¢ & & Inorder 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 ( B, persistence

length (p) for 1 stand 2 of double peaks per Nluc protein
Data are from full unfolding recordings ofthe £ d mo dk 4 mo 4k

dwodtk and E 4 w ¢ 4k . Every value has the mean and standard error of
the mean.
Construct 191-Nluc -191-Nluc -191-Nluc-191 | 191>-Nluc-1914
F [pN] 1st of 2 peaks 654 637
F [pN] 2 of 2 peaks 53+5 55+ 4
3, [nm] 1stof 2 peaks 21+£3 12+ 2
3, A[nm] 2nd of 2 peaks 43+ 4 53+2
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p [nm] 1stof 2 peaks 0.51+0.05 0.50 £ 0.07

p [nm] 2 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 3, zof the double
peaks (2t and 2) to the 3, z0f 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.
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Figure 28: Histograms of the combined contour length increments of the
double peaks compared to those of the single peaks.
The distributions for(a) £ dmodk  dmodk  Jdmodk and(b) E
4 wo gk showthat +duy . jis guerlapping well with  »dy  »dy indicating that
the two peaks of the double peaks are originated from the unfolding of one Nluc
protein.

102



4.2.3. Cyclic unfolding/refolding SMFS experiments of Nluc
demonstrate it can refold robustly when separated by 191 domains

Cyclic experiments were also performed during which the protein molecules
were stretched and relaxed in a repetitive manner using down -mode operation. These
I RxT UPOI OUUWEUI wEOOUI gUI OUPEOwWPOwxUOYPEDOT wubi
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 onthe ‘@p 0 & 6 W® p 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).

Forthe'@p O & 6 ddp G aocmp U & 6 G monstruct 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 ‘@p 0 & 6 ¢ p 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). Forthe@p 0 & 6 @
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‘@ p 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'@p Do ddp O a6 AP U & o6 adponstruct. 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 29we demonstrate examples of cyclic

measurements for both constructs.

(a) (b)

191 = Nluc =191 = Nluc = 191 = Nluc = 191 191,-Nluc-191,4
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—— full recording —— full recording
700 A —— unfelding —— unfelding

1st lis 1st i
st cyclic 800 - st cyclic
600 - —— 2nd cyclic —— 2nd cyclic

— 3rd cyclic —— 3rd cyclic
—— 4th cyclic
— 400 1
@
J 400 4
200
200 A
100 1

0 100 200 300 400 0 100 200 300 400
Extension [nm] Extension [nm]

N}

600 1

—— 5th cyclic

Force [pN]

Figure 29: Force-extension recordings of cyclic measurements for (a) k&
Jwodtk Jdmwod dmodk and(b) E 4 mo gk
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 15t 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 £ d mo dk dmo 4k dmodk 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+t cyclic had 0.25 nm/ms (orange), the 2n¢ cyclic had 0.25 nm/ms
(green), and the 3¢ cyclic had 0.15 nm/ms (red). For k 4 w0 gk 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 2 cyclic had 0.1 nm/ms (green), the
3 cyclic had 0.1 nm/ms (red), the 4t cyclic had 0.1 nm/ms (purple), and the 5t cyclic
had 0.1 nm/ms (brown).

Our findings are very interesting given our previous studies of the @ p
0 & 6 W® p 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 ‘@p 0 & 6 G p 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, single 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
@p 0O &0 ¢ psingle peakswere 55% (n=22) and double peaksvere 40% (n=16),
while for ‘@p 0 & 6 ddp O a6 ddp O & 6 cdP1% (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 3., 50of the first peak for
both constructs is 17-18 nm which is an in between value of the two constructs in full
length recordings (3, ¢ @ dand 3, p & @). 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 ( ‘B, persistence
length (p) for single and double peaks (separated as 1stand 2™ of 2 peaks).
Peaks areper Nluc protein from cyclic unfolding recordings of the £ 4 m o 4t

L dwodk dmodk and k 4 w0 4k Every value has the mean
and standard error of the mean.

Construct 191-Nluc -191-Nluc -191- Nluc-191 | 191>-Nluc -1914

F [pN] single peaks 501 46+3
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F [pN] 1st of 2 peaks 57+6 48+5
F [pN] 2nd of 2 peaks 49+5 34+6
3, A[nm] single peaks 59+2 54+3
3, A[nm] 1stof 2 peaks 17+3 18+2
3, A[nm] 2nd of 2 peaks 42+6 42+4
p [nm] single peaks 0.48+0.03 0.34+0.06
p [nm] 1stof 2 peaks 0.41+0.07 0.33+0.04
p [nm] 2" of 2 peaks 0.51+0.09 0.18+0.03

4.2.4. Mechanical unfolding of Nluc in silico

To gain aninsight into structural rearrangements of Nluc under force, we
performed numerous coarse-grained (CG) and all atom steered molecular dynamics
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

107



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

POUI UEEUDOOUG w( OWOUET UwUOWEE@UDPUI WEUOOPUUDE WOI
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.

2+EUT T WEOR> w2, # wUPOUOEUDPOOU W

We performed in total six all -atom, explicit solvent SMD simulations of Nluc in a
large water box containing approximately 193,000 atoms ¢p U | Nluaul&rge box
simulationd EYD? wi OUwOOT woOil wUI 1 wUDOUOGEUDPOOUKS

Its longest dimension was approximately 440 A to accommodate unfolding of
most of the Nluc chain, with its expected contour length of 620 A. Each simulation took
approximately 2 months on a simple Linux desktop computer equipped with e.g. an 19
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. Asin AFM -based SMFS experiments, the
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molecular extension is defined here as the projection of the endto-end vector on the

pulling axis.

NanolLuc simulations
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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
0001 EUOI wbUwi T T OawUi OUI EwNUUUWET i¢esheetwUT 1T wUUUE
Then, the force decreases when hydrogen bonds of thepJ with the A and ¢l 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 ¢A strand, allowing it to make contact with the two ¢-sheets, provides rather a
OOEI UEUI wOIl ET EOPEEOWUUEEDPOPUawWUOwW- OUEwPT I OwuUUOU
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, ¢A- ¢pJ
interactions). At the same time, the $J¢( WE OOEUWE Ul wOUDPI OUI EwDPOWE w? b1
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 ofthe ¢) WUUUEQOE Ow- OUEz UwUC
follows somewhat different pathways in different SMD runs. However, common events
in the second phase of the unfolding process involve strand ¢A sliding out of the
structure (consistent with our GC results), while breaking its stabilizing interactions
with strands ¢Band¢( 6 w3 T 1 Ul wl YI OUUWOEEUUWE UwW- OUEz Uwl RUI
contribute to the group of force peaks marked as B (ook 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 ¢D and
¢E. ¢D remains with the N -terminal part and ¢E connected to ¢F moves together with
the ¢ 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 ¢E-$l. However, one of the simulations that was run to complete unfolding of
the protein, showed the §E-¢I sheet breaking first with the ¢$B-¢D breaking later along
with the unfolding of the helices between these sheets. Thus, force peak C nay 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 measuremets identified only two force peaks, the first appearing
early in the stretching process and the second during the later phase of the urfolding
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 (3, zbetween 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 3+, 40f 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 constructitisN - 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 ¢J, being the major force induced event.

?20EOQuw! OR?2 w2, #wWUDOUOEUDOOU

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 wate
box of approximately 103 and 590 B O O E U O QlUcusmpdll bdx sirdulatond EY D2 wi OU woOI
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 4.56.5 nm is the detachment of the$J
strand, as in our large box simulations. However, in two other simulations, the first force
induced event was a significant stretching of the N-terminal Y-helix (a0 in Figure 31),
which contributed to t he maximum tension at the first forc e peak. This was followed by
Ew?El OEal E» wE I ¢JBtdaridvhiéh Startdd atuedttenisions greater than 5.5 nm
(look at Appendix A for more details). For the 59 kiloatoms simulations, in all three
simulations the main event appears to be the detachment of the$J strand from the ¢A

and ¢! strands (look at Appendix A for more details ). The unfolding peak was observed
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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 thepA strand comprising residues Thrl3 to Asn17 with
a stretch of the ¢l strand comprising residues Leul49 to Arg152 (look at Appendix A for
more details). These interactions followed the complete detachment of the ¢J 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 ¢-sheet involving ¢A and ¢l,
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 (42.92A), and (c) frame after peak A (57.66 A). 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 (26.168). 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 ofthe "@p 0 & 6 Cwp G a6 ddp U & 6 ddp
and@p 0 &6 dp constructstothe@p O & 6 @ p 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
@p 0 &0 Q@ p 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 presentinthe@p U & 6 G p construct
with 39% of the recordings demonstrating double peaks over the 9% in ‘@p 0 & 6 ©
@p Va6 dmp O a6 cmp

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 ¢J sheet with the A and ¢l sheets. This is consistent with previous studies which
have shown how deletion in iLBPs of the last three amino acids of the ¢J sheet resulted
to opening of the barrel. This caused the proteins to have a less compact noanative state
with lower thermodynamic stability and higher susceptibility to proteolytic attack  (101).
We also propose, based on our simulations, that unfolding of the $B-¢D sheets or
breaking of the transient mini ¢-sheet formed by the A and the ¢I strands to most likely
be the cause for the 2¢ 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 behaviOU8 w6 1 wEUI wEUUUI OUOGawbOYI UdsiBid EUDPOT wb
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 ET T EYDOUwWOT wEOUT w- OUEzZUwUOI OOEDPOT wEDEWUI |
determine the use of various protein construct designs based on their applications. An
I REOx Ol wOi wOTl 1 Ul wExxOPEEUDPOOUWEOUOEWET wEWUDPOUO
during a SMFS measurements, a feat yet to be achieved at a single molecule level. Very
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difficult simultaneous SMFS and fluorescencemeasurements havealready been reported
(236, 246) Last, but not least, we envision exploiting theseNluc 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. colicytosol (78, 79) so far only a small number of substrateshas 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 ATRdependent, 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
191 domains of titin (‘@ p 0 & 6 & p) and multiple Nluc separated by 191 titin

domains (@p G a6 dp O & o6 dp U & 6 d prefold quite robustly after
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mechanical unfolding (86). However, triads of Nluc flanked by 191 titin domains ( @ p
baocmp D aodmp O aod d psurprisingly 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 from intermolecular misfolding, based on the fact that 70% ofeukaryotic
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

119



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 v YO (249) Therefore, we proceeded by denaturing alll
constructs at that temperature for 1 h in total. As seen in Figure 32, in our hands,

monomeric Nluc demonstrated good thermal stability at v 0, 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 v 6, with approximately 25% and 10%
activity. The rate of BL signal decay was 0.18 + 0.0@ & "Q¢ (mean lifetime
approximately 5 min) for dyad Nluc and 0.250+ 0.0B & "Q¢ (mean lifetime

approximately 3 min) for triad Nluc.

Thermal denaturation at 58°C
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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. colichaperone refolding system comprising of
DnaK, DnaJ, and GrpE chaperones, we saw a significant BL signal recovery (Figure33).
Following the chaperone concentrations previously used in literature 3 4 . DnaK, 14 |
DnalJ, and 1.57 _ GrpE (68), we refolded the two constructs after denaturing them for 10
min at v Pd. 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 4M DnaK, 1 4M DnaJ, 1.54M 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 @ ® p

Q 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 4M BSA, (b) 3
4M DnaK with 4 M BSA, and (c) 14M 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,
DnakK, DnalJ, 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 DnakK.
3T T Ul OUl Owbkpl wi REOPOI EwPi WEOE wi OPw&Ux$wbUWEOOU
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 mncentrations, 0t 6 4 M,
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 - 1.54 M. Beyond this
optimal concentration range, the refolding recovery would decrease at higher GrpE
concentrations. Time points for the 7 h experiments for 34M Dnak, 1 4M DnaJ and

various GrpE concentrations are shown in Figure 34(a). In Figure 34(b) we have
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compiled together the 7 h time points of triad Nluc refolding for various GrpE

concentrations to further demonstrate the refolding trend at 7 h.
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Figure 34: Bioluminescence (BL) refolding of triad Nluc for various
concentrations of GrpE .
PEAw! + wUDPT OEOwi UOOwWUIT | OOEDPOT woOi why wd, wOUDEE w- ¢
# OE* Owhiwy , w# OE) wEOEWYEUDPOUUwW&Ux$WEOOEI OUUEUDC
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  absenceof 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 4M 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 4M DnaK, 1 4M DnaJ for
various GrpE concentrations (n=3). We observe an optimal concentration for these
conditions to be 0.75 ¢+ 1.54M 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 lpok 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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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
Ul i OOEDPOT woOi wwuOUEwWUI UUOUT EwUOwUDPOPOEUOGa W BT T wuU
w hile spontaneous refolding remained at about 10% even after 3 h {ook 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 DnakK,
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 500dold) (57), and in the presence of
peptides (200fold) (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:DnalJ
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 reasonfor 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 ATP @S, an ATP analog known as aninhibitor of the ATPaseactivity 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 ontriad - OUE z U w
refolding by DnaK, we decided to also examine if ATP hydrolysis is necessary for triad
- OU E z U wUWAd péeceht e thiat the ATP hydrolysis is fundamental for triad Nluc
refolding (Figure 35). Refolding reaction with 3 4M DnakK, 1 4M DnaJ and 1.554M GrpE
in presence of 10 mM0 "Q0 6 g, and 5 mM ATP@S showed no recovery for triad Nluc

with its bioluminescence remaining at ~5 % of total activity even after 7 h.
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Triad Nluc with ATPyS
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Figure 35: Refolding reaction of 10 nM triad Nluc with3  4M DnakK, 1 4M
DnaJ, 1.54M GrpE with 100mM 4 | k= f,andk wO, w 3/ w Arnadidué vak & w
denatured at 100 mM for 10 min at 58 °C, followed by a 10x dilution in chaperones
solution. The presence of ATP®S 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 withitsnon -Il A EUOOAUEEOI wEOEOOT w 3/ w2 wUI U
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 UT Ob Owi O binhibiss/ w2

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 DnakK, which is
unable to hydrolyze ATP, are warranted, since these experiments would further

illustrate how the DnaK allosteric changes are contributing to the poly -NUE z UwUIT I OOEDP OI

5.2.5. Chaperone assisted refolding of Nluc tandem repeats when
separated by 191 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 191
domain of titin (86), the'@p G & 6 Gwp O a6 Cdp O & 6 GO pin which the three
Nluc repeats are separated by the titin 191 domain ('Y  x @ JO (255 257)). We began
by examining the thermal stability of ‘@ p 0 & 6 ddp O & 6 cdp U & 6 G p
construct. Our thermal denaturation experiments showed a slightly higher thermal
stability for the ‘@p O & 6 ddp O & 6 cddp U & 6 G» peonstruct 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 Nlucand "@p 0 & 6 ¢ p

Oao6dcmp 0 &6 G onstructs to a similar level and at longer times the BL signal is
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actually slightly higher for the triad Nluc as comparedtothe "@p 0 & 6 d@p 0 & 6 ©
‘@p O & 6 d peonstruct (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 ‘@p 0 & 6 d@@p U & 6 G p

0 & 6 & pfor same concentrations and conditions is suggesting that the 191 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

@p aodmp Gaoamp U a6 G ponstruct was 0.138 + 0.006 Q¢ (mean

lifetime approximately 5 min) , while triad Nluc had mean lifetime of about 3 min.
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Thermal denaturation at 58°C
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Figure 36: Thermal decay of 100 nM triad Nlucand £ dmodtk  dmo 4
L 4 w0tk constructs at 58 °C after 1 h (n=3).
Both constructs show decay of the BL signal withthe £ dmo k.  dmodt
- 4 modtk (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 shownin  Figure 32

Additionally, we tested how chaperones assist the refolding of the @p 0 & 6 ©
@p Va6 dp U a6 adponstructin comparison to triad N luc (Figure 37). We
found thatthe ‘@p 0 & 0 ddp O a6 ddp O & 6 c» peonstruct 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 usingw @ p Q  equation,
which resulted to half times of 12 min for Nluc ofthe @p 0 & 6 d»p O & 6 ¢ p
0 & 6 G monstruct. Thus, both protein constructs show strong refolding behavior,
whichinthe @p G a6 cmp 0 a6 ddp O & 6 G ponstruct appears to be

enhanced by the 191 titin domains.
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Figure 37: Chaperone assisted refolding of 10 nM triad Nluc ( green) and 10 nM
E dwodk dmodk  dmodk  (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 inthe Buffer C including
34M DnaK, 1 5M DnaJ, 1.545M 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 k=~ d mo k.  dmodk  dmod
L 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%. & I mo

L dmodt  dmodk (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 191-Nluc-191-
Nluc-191-Nluc -191 and triad Nluc (or 191 -191-Nluc -Nluc -Nluc -191-191) are very
intriguing. O ur previous mechanical unfolding/refolding studies of 191 -Nluc-191-Nluc -
191-Nluc-191 and triad Nluc flanked by 191s: 191-191-Nluc -Nluc -Nluc -191-191 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 191 -Nluc -191-
Nluc-191-Nluc-191 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 191 -Nluc -191-Nluc -191-Nluc-191
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 coarsegrained 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 Coarsegrained 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 coarsegrained 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 3%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 (¢) 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 swappingThe 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 seenin Figure 40.
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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 nonnegligible 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 34 a-helix

(residues 27-36) appears tofirstly lose its structure. As the temperature increases the5®
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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 5" 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 25) 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 substrae 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 chaperonesrecognize hydrophobic surfaces and usually protein

sequencesthat 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) residue89-95?FKVILHY 2 wepUE OUIT whil 61 AOQOWE AwUI
141-147?ERLINPD? w g U12.9), Brhd ) residues157-163?NGVTGWR? wgpUE OUIT w

14.4). We did not experimentally examine the validity of these sites, however, we expect

them to be a good prediction for our system.

140



(a) (b)

100,
80 W

60

40

Chaperone binding propensity

20

0 20 40 60 80 100 ‘Iﬁ?) 140 60
Residue position

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?FKVILHY 2 wgpUE OUI whl S1IKIALGWE A wUIl UDE
PERLINPD 2 w pUIR.9),¢) residues 157-163PNGVTGWR » wp U B.9).[d) TheuDnak -
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 141-147colored in
blue, c¢) residues 157-163colored 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 8395 ?FKVILHY 2 6 w# OE* OWEEEOUEDOT wUOOw+ (
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 furthT UwOOUUwPOQwUT 1T wxUOUI POz UwUUUUEUUUI wl BxC
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. coliHsp70 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.

OUOOWET EEUUT w- OUEzZUwWUT 1 UOEOQWUUEEDPOPUawWhUwWUDT O

substrates, our assay could be implemerted 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 191 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 amagnetic
tweezers set up which can provide the means to perform this type of experiment. In this

case we would be able to examinethe 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 chaperonesto 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 experimentswere 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 ATR, along with DnaJ, and we
are planning to perform ATPase assays In overall, it would be of great significance if we
can correlate theloss 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.l. 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, alll ,andalV Y-l T OPET UwB-OE wOT 1 w

strand. The C and D ¢-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

Pl OOwbPUT wOT | wi BROUUEWEYOWE( ( ( WECEWE(5wi il OPEIT U
additional or elongated in Nluc. Also, the all 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 ¢-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
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Figure 45: Visual representation of various e xamples of SMFS pulling
experiments.
(a) Schematic of 191-Nluc -191-Nluc -191-Nluc -191 with (i) depicting an end -to-end
xUOODO! woOi wOT T wxUOUI POwep- zwlOw" zwli UODOPAOW®PDE
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 191 2-Nluc -1914
EOOUUUUEUwWPPUT wpPAwWETI xPEUDPOT WEwW- zwUOw" zwUI UOH
unfolding of the construct with the pulling forces being applied only to part of the
total 191 >-Nluc -1914construct. Note that with rainbow color we depict Nluc (PDB code
5IBO) and with light blue we depict 191 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 < =%Fcalculations

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 191>-Nluc -1914construct. 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 w0 0
0 . In Figure 46,0 would be the contour length obtained from WLC fitting of the Nluc
unfolding peak, and 0 would be the contour length obtained from WLC fitting of the 1
191 titin domain unfolding peak. Therefore, the contour length increment w0 would be
OT 1T wUT U000 wWOI wOT 1 wbOEUI EUIl wbOwUT 1T wOOOI EUOIT z Uwl
protein. Similarly, w0 0 0 isthe difference between the0 , the contour length
obtained from WLC fitting of the 1 st 191 titin domain unfolding peak, and 0 , the contour
length obtained from WLC fitting of the 2 nd |91 titin unfolding peak. Similarly, we obtain
WO ,w0 ,00,w0 ,andw b . Especially, forw 0 , the 0 is the contour length
obtained from WLC fitting of the peak generated from the detachment of the
polyprotein from the cantilever.
371 wbOEUI EUI wbOwi RUI OU bpédkis dug ®eped Ow- OUE z Uwl
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 1912-
Nluc -1914construct.
A recording of 1912-Nluc -1914 showing a single Nluc peak followed by six 191 titin
EOOEPOwWUOI OOEDPOT wxl EOUWEOSE wWUT 1 wOOOI EUOI zUwWET U
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 =191 titin domain peak ( 4 ) from the contour length from
the WLC model fitting of the Nluc unfolding peak (4 ), resultingto » & 4 4.
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A.2.3.Partial recordings of 191-Nluc-191-Nluc-191-Nluc-I191
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Figure 47: Examples of partial unfolding curves for  191-Nluc -191-Nluc -191-
Nluc -191.
Force extension curves of 191-Nluc -191-Nluc -191-Nluc -191 with red showing a patrtial
unfolding (pulling speed 0.25 nm/ms) with one 191 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 191>-Nluc-1914 with all 191 domains
present
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Figure 48: Recordings of full unfolding with double peaks for a Nluc protein
for 191 2-Nluc -1914 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 191 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 191 titin domains
from the full length recordings of 191-Nluc-191-Nluc-191-Nluc-191
and 1912-Nluc-1914

Additionally, the analysis of the 191 force peaks for both constructs show similar
mechanical behavior to that previously reported (117, 180)at comparable stretching
speeds of 0.250.5nm/s). Our analysis showed that 191 domains in 191-Nluc-191-Nluc -

191-Nluc-191 constructhad O p wPonRn Gwd o@® T™E gandp T8 T MBI E
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with n=186. In comparison, 191 domains in 191>-Nluc -1914 constructhad O ¢ m@aon §
w0d ¢¥ mE qandn T o TE & Awith 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 191 -Nluc -191-Nluc -191-Nluc -191 and 191>-Nluc -1914 the distributions
were not statistically significant with a p value of 0.58. When comparing 191 -Nluc -191-
Nluc-191-Nluc-191 and 191>-Nluc s-1912 our results gave a p value of <0.0001. Likewise,
when comparing 1912-Nluc -1914 and 1912>-Nluc s-1912 we found a p value of 0.021. These
last two results show that the data from the 191>-Nluc s-1912 construct are statistically
significant when compared to 191 -Nluc -191-Nluc -191-Nluc -191 and 1912>-Nluc -1914,
respectively.

For transparency, the analysis and fitting of the data for 1912>-Nluc 3-1912 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

NanoLuc simulations
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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

NanoLuc simulations
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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

NanoLuc simulation with opposite direction

1000 - A
800 1
600
400

200 -

Force [pN]

—200 A

—400 A

—-600

0 2 4 6 8 10 12
Extension [nm]

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) G being the fixed and
Met (#1) Ca being the SMD atom. Force extensions show similar behavior for when
the Ala (#171) Cawas used as the SMD atoms and Met (#1) Cawas 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

FIXED (b)

ALA169:CA

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
Caof 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 A), and (c) frame after peak A

(59.65A). 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 A). 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 Caof Met (#1) and G 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.
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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 A), (b) frame before peak A
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is generated (52.97A), and (c) frame after peak A (67.16 A). With peak A we refer to
the peak in Figure 30from the main text. In this simulation the starting distance was
2.616 nm (26.16R).
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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 (129.16A), and (b) frame after peak B (167.73A).
With peak B we refer to the peak in the Figure 30from the main text.
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