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ABSTRACT OF THE THESIS

Signals and Conformational Changes in

Unfolded SPOUT Methyltransferases withTrefoil Knot

By

Tiange Tao
Master of Science in Chemistry
University of California, San Diego, 2021

Professor Patricia A. Jennings, Chair

Understanding the complex knotted topology in protein folding is an important
structural and functional indication as increasing families of protein discovered to contain
deeply knotted structure. Methyltransferases in SpoU-TrmD (SPOUT) family catalyze the
post-translational methylation of RNA assisted by the cofactor, S-Adenosyl methionine

(SAM), and have a deeply fold trefoil knot that associated with the dimer interface and

Xi



ligand binding domain. Misfolding in neuronal ubiquitin C-terminal hydrolases (UCH),
where SPOUT family protein associate with, can result in aggregation and cause
neurodegenerative disease. “Minimalism” of knotted protein was used to investigate the
unfolding/untying process mechanism and its functional relationship of the knot in a more
straightforward manner. MTTtm and MTTsa are both SPOUT MTases that contain trefoil
knot with similar structure but different stabilities. Thus, studying native and unfolded

proteins can provide information about knot forming mechanism and functional approach.

MTTmwm purification protocol was modified, and the purification result was analyzed by
mass spectroscopy. Fluorescence spectroscopy was utilized to monitor the tertiary
structure change of native and unfolded MTases by tracing tryptophane signal for MTTsa
and tyrosine signal for MTT+u. Highly refined structural and dynamics information of native
and unfolded MTTsa was obtained by NMR spectroscopy. Shifts in unfolded MTTsa
emission spectrum maximum as well as tryptophane signal in 'H-"°N HSQC spectrum
were observed, indicating possible solvent exposure and change in microenvironment of
tryptophane. The unusual peak and shoulder appeared in the unfolded MTTrv emission
spectrum requires further investigation in tyrosine residues and its relationship with tertiary

fold of the protein.
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Chapter 1

Introduction



The Significance of Knotted Protein

Understanding how backbone knotted topology forms in proteins is a rare, complex, and
unsolved phenomenon in protein folding. Over the last two decades of studies, more families of
proteins have been identified to have a deeply knotted structure, as well as an indication of
importance in protein structure and function (Flapan et al. 2019). Knotted proteins are found in a
specific subclass of methyltransferases known as the SpoU-TrmD (SPOUT) family which
catalyzes the post-translational methylation of RNA. The deep trefoil knot structure is uniquely
classified as a class IV Rossman fold in the SPOUT family where the binding domain and the
dimer interface reside within the knotted region (Hiroyuki 2017). Proteins within this family are
associated with neurodegenerative diseases, such as the neuronal ubiquitin C-terminal
hydrolases (UCH) (Virnau et al. 2011). Misfolding or untying those results in aggregation of
UCH has been identified as the primary cause of some of the most common neurodegenerative
diseases, such as Parkinson’s disease, which results from deterioration of and death of
dopaminergic neurons (Balestrino and Schapira 2020). According to the statistics from the
Harvard NeuroDiscovery Center, there are 1 million people in the United States suffering from
Parkinson’s disease. Neurodegenerative diseases primarily happen among the middle-aged
and elderly (Brambrink and Koerner 2007). The number is increasing as the population ages,
where current clinical treatments are only able to control the symptoms as therapeutic methods
are not yet available. Therefore, studying the complex mechanism and topology of forming a
knot and untying it within the methyltransferase family is significant as any insight gained may
contribute to therapeutic insights into mitigating disease states. In addition, understanding the
roles of the knot in both the dimerization and modification of nucleosides is important in
determining how the knot structure contributes to enzymatic activity (Hiroyuki 2017). In this

work, two methyltransferase proteins (PDB ID: 106D and 1VHO) containing a deep trefoil knot



are studied. Using the less complex trefoil knot, details about the knotting mechanism and the
functional relationship may be more straightforward and may lay the groundwork for more

complex cases.

General Theory and Topology Description of the Knot

In order to study the topology of knotted proteins, it is essential to understand the
topology description and theoretical pathway of knot formation. The standard annotation for knot
description is composed by a numerical number, which describes the minimum number of
crossing in the knot protein projections; a subscript, which identifies the particular knot within the
crossing; and the + and — sign, which distinguishes the chirality of two knotted enantiomorphs
(Cromwell 2004). According to the systematic reviews of the PDB, five distinct knot types have
been identified, and those five subclasses of knots have been identified in proteins among the
23 families of knotted protein (Jackson et al. 2017), and 19 families of the protein contain -3
and +34 knots. The rest of the families include 44, -52, and +61 knots (Flapan et al. 2019).
Taylor’s twisted hairpin theory is a knotting mechanism that is commonly used to describe the
knot folding process. The protein is assumed to first form a “twisted hairpin” of a loop as
a “cinch” in the polypeptide chain or a mathematically proper term “zero knots” that happens
relatively rare in proteins. Then, the C-terminus of the protein sequence is threaded through this
loop to form a knot (Taylor 2007). Another theory representing the possible knot folding
mechanism discovered more recently is called the loop-flipping mechanism (Flapan et al. 2019).
Generally speaking, the unknotted open-chain first forms two zero knots and comes close
together. Next, one end of the chain gets close to the two-loop region, and either loop flips over

the terminus. The knot is formed by the terminus threading through the crossing loops.



The folding mechanism of the trefoil knots that commonly found in a/f knotted
methyltransferase obtained from the computational modeling utilizing energy landscapes theory
was indicated in the paper of Sulkowska’s group. Firstly, the correctly twisted-native loop formed
through the nucleation sites that overcomes the first energy barrier from unfolded polypeptide
backbone to the intermediate state. Next, either a plug or slipknot is formed that must be based
on the correct chirality of the loop, and then threaded by the C-terminus to overcome the next
energy barrier and form the deeply tied trefoil knot (Noel and Sulkowska 2010). These folding
steps and theories can describe some general folding mechanisms of the knotted proteins.
However, to describe the more complex mechanism of the SPOUT tRNA MTases, particular
parameters need to be considered and more detailed simulations and experiments are required

to be done.

“Minimalism” of Knotted Protein

Two proteins within the SPOUT family identified as possible tRNA MTases, which
contain deeply trefoil (+31) knots, are being investigated within this work. These two proteins
are the thermophile (MTT..,) with PDB code 106D and the mesophile (MTT..) with PDB code
1VHO. A straightforward sequence analysis by BLAST and protein sequence alignment by
NCBI indicate that 106D contains 163 amino acids in the sequence and is found in the
organism of Thermotoga maritima and may be a 23s rRNA methyltransferase (RImH). The
organism taxonomy of Thermotoga maritima is first discovered in the marine geothermal area,
resides in hot springs, and can grow in the high temperature range from 50°C to 90°C (Huber et
al. 1986). Similarly, 1VHO has a similar classification as a 23s rRNA methyltransferase with a
sequence length of 161 amino acids. It has been identified within the OrfX gene of MRSA, an

antibiotic resistant version of Staphylococcus aureus, a gram-positive bacterium that is positive



for catalase and denitrification and is frequently found in the skin and upper respiratory tract
(Masalha et al. 2001). Both of these proteins are classified as a so-called “minimalist knot” as
their overall structure contains the minimal core components that contribute to the knotted
SPOUT classification. The SPOUT MTases are the S-adenosyl-L-methionine dependent
enzymes with unique alpha helices and beta sheets folded to form a deeply folded knot
(Tkaczuk et al. 2007). As the knot provides extra stability to the protein, despite the protein
being denatured, the knot may still exist, and the protein becomes unfolded but tied (Andrews et
al. 2013). Moreover, the intrigue in studying both the MTT.. and MTT.. proteins is that there is
little information the methylation function. However, there are also challenges in studying the
minimalist system of the trefoil knot due to their highly similar structure but different tying/untying
mechanism. MTT., contains the knot that provides extra stability to the protein as an extreme
example, while being able to survive under the high temperature. Even though MTT.. has a
similar knot placement, the stability of the knot is very different from MTT.., and thus the knot
forming mechanism between these two proteins may be very different. Therefore, by comparing
the native and unfolded states of these two proteins, it would provide better understanding of

how knot is formed and occurred.

Visualizing the biological assembly of the SPOUT MTases would be helpful to
understand the structure and folding of the knot. Figure 1.1 and 1.2 includes the protein
visualization and its simplified scheme. Both MTases are composed of five parallel aligned beta-
sheets with five alpha-helices packed like a “sandwich”. The knot region of both proteins
appears near the C-terminus and is characterized by the interactions of three loops, including
crossing loop, threading loop, and wing loop. The three-loop region is also identified to form a
binding pocket for SAM (Anantharaman et al. 2002). The 3D molecular representation and the

simplified diagram of MTT.. (PDB code 1VH0) and MTT.., (PDB code: 106D) were shown in



Figure 1.1

Protein Visualization using PyMol and Simplified representation of MTTsa. Knot contributing
regions are highlighted using dark green (WL: wing loop), light green (TL: threading loop), and
purple (CL: crossing loop). Beta-sheets are presented by the triangular shape; and alpha-
helices are presented by circular shape, with numbers labeled as the manner from N-terminus
to C-terminus. The loops are presented by solid (above the surface) and dash (below the
surface) lines that connect alpha helices and beta sheets.
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Figure 1.2

Protein Visualization using PyMol and Simplified representation of MTTtu. Knot contributing
regions are highlighted using dark green (WL: wing loop), light green (TL: threading loop) and
purple (CL: crossing loop). Beta-sheets are presented by the triangular shape; and alpha-
helices are presented by circular shape, with numbers labeled as the manner from N-terminus
to C-terminus. The loops are presented by solid (above the surface) and dash (below the
surface) lines that connect alpha helices and beta sheets.



Figure 1.1 and Figure 1.2. The crossing loop is from E76 to L82; the threading loop is from
S125 to F131; secondary structural units of the trefoil knotted region were highlighted by
different regions, and the folding layout of SPOUT family MTase was shown in the simplified
diagram. In MTTsa, the wing loop is from G107 to N121. Similarly, in MTTw, the crossing loop is

from L112 to F122; the threading loop is from F65 to V76; the wing loop is from 195 to S116.

Another exceptional property of the knotted protein is that the knot itself can undergo the
unfolding/untying process for long periods. Given that the knot is untied on a different time scale
(at least 20-fold slower) than the unfolding of the protein, hysteresis introduced by the dynamic
nature of the knot indicates that there is a gap between the reassembly of the protein when it is
fully unfolded and untied (Andrew et al. 2013). While it is commonly stated from other research
that the knotted MTases are unlikely to be untied from the denatured state of the protein
(Mallam et al. 2010), it is still possible to untie the knot from the unfolded state if enough time is
given. In addition, the topological change of the knot is a very complicated process that not only
provides extra stability to the protein but also may contribute to the allosteric effects upon ligand
binding (Capraro et al. 2020). Therefore, understanding the unfolding and refolding process and
structural function of the trefoil knot is crucial for answering the question of how the
conformation mechanism of the knot relates to the function of the protein due to its role in tRNA

interactions.

In this work, we aim to identify the molecular determinants that contribute to the overall
observation of slow unfolding and untying. To approach this, protein purification protocols were
first modified and ameliorated. In addition, several sets of preliminary data of the unfolding
experiments were obtained through different spectroscopic approaches. These include tracing
the tryptophan and tyrosine signals within different denatured states using fluorescence

spectroscopy; circular dichroism (CD) that is sensitive to alterations in the secondary structure



of the protein; and nuclear magnetic resonance (NMR) spectroscopy was utilized to obtain the
structural and dynamic characteristics of the native fold and unfolded SPOUT MTase in the
highly refined scale. Experiments were designed and conducted to elucidate key interactions
within the backbone region of the proteins that contribute to the overall knot folding, as well as

their functional correlations in the rRNA modification.



Chapter 2
Optimization of Protein Purification of

the Minimalist Methyltransferase, MTT1m
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Introduction

Developing an effective protocol for the growing, isolating, and storage of a target
protein and continual optimization of these steps is critical in biochemistry research. Obtaining
pure protein samples at high concentrations is crucial as it facilitates the investigation of
protein’s functional and structural studies (Berg et al. 2002). Therefore, the selection of
purification techniques is a crucial determinant for successfully separating the protein of interest
from the unwanted mixtures. This chapter focuses on optimizing the protein expression and
purification of the minimalist Methyltransferase from Thermotoga maritima (MT Tm, T-WT, PDB
ID 106D). The general process of protein purification includes cell harvesting, intracellular

extraction, purification, isolation, and concentration (Nfor et al. 2007).

Initially, the protein gene is cloned into a plasmid vector and transformed into
Escherichia coli (E.coli) for subsequent growth and protein expression. For our studies we use
the pET24d vector as this expression system designed to yield high amounts of a target protein.
The target protein is then extracted from the harvested cells by disrupting the cell wall using
external forces. In most cases, a mechanical force is applied such as homonigizing or
sonication. Here, sonication was conducted for the cell lysing process using the Sonic
Dismembrator (Fisher Scientific) by converting the sound energy at 20 to 40 kHz frequency to
the physical vibration, also known as ultrasonication (Shah et al. 2020). An ultrasonic probe
that is suspended in a cell slurry is able to lyse open the cells and release the soluble protein in
the buffer. However, care must be taken when using sonication as poor protein extraction may
result from local overheating, bucking, and dislocation (Taylor, 2021). These issues can be
alleviated by placing protein samples on ice and providing enough rest time to relieve the stress
of the protein. Partial separation of impurities and cellular debris can also be accomplished

physically, such as through filtration and centrifugation. Additionally, depending on whether the
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protein is soluble in the buffer or the protein is in the insoluble inclusion bodies (Taylor 2021),
additional steps may be necessary in order to prepare the target protein for downstream
purification. For T-WT, targeted knotted protein is soluble upon release by sonication; thus

centrifugation is an effective way to remove the cell debris.

In our case, we use affinity chromatography with a polyhistidine protein tag (His-tag
protein) that has six histidines attached at the C-terminus of the protein sequence, which has a
high affinity for the metal ions. Thus, metal affinity using a Ni-NTA matrix is considered to be an
effective technique for protein purification. General steps of Ni-NTA affinity chromatography
include binding, washing, and eluting with the preference of around pH 8.0 for protein binding
with Ni-NTA resin (QIAGEN) effectively and increasing imidazole concentration for protein
elution. While the Ni-NTA matrix is effective in isolating the target protein, additional purification
steps are needed for the protein purity required for the subsequent optical experiments.
Therefore, a post affinity Ni-NTA chromatography step was explored in order to maximize

protein purity.

In this chapter, a high-resolution size-exclusion column chromatography (SEC) is
introduced and applied as an optimization step in the overall purification of MTTtm. Using Fast
Protein Liquid Chromatography (FPLC), the protein samples can be separated based on their
molecular weight (MW) or molecular weight distribution (MWD) (Mori and Barth 1999). Several
key components are essential for SEC purification. The stationary phase is packed in a column
with polymer beads containing identical pore size. The elution from the Ni-NTA step that
contains target protein is loaded onto the SEC column and flushed with a mobile phase at fixed
pressure and flow rate. Protein with smaller size is easier to be retained in the pore of the
column, and thus separation due to protein size becomes resolute (Wu 2003). A sensitive UV

concentration detector after the column can detect the protein's concentration following the
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absorbance signal at 280 nm (A280). The protein concentration is proportional to the A280
signal; thus, the amount of protein is proportional to the area under the peaks of the FPLC

trace.

Choosing a buffering system in protein purification and storage is also one of the key
determinants for the purification results. Several factors determine whether the buffer is
effective, including the pH, salts, reducing agents, and stabilizing elements. The pH of the buffer
depends on both the purification method and the isoelectric points (pl) of the protein. As
mentioned earlier in Ni-NTA column chromatography, an adequate protein solution that enables
His-tag protein to bind with the resin is around pH 7 - 8, although these conditions may not be
ideal for protein storage. Therefore, the pl of the protein and the subsequent experimental

conditions may help determine a suitable buffer to avoid protein precipitation upon storage.

Furthermore, different pKa values of the buffer system affect the buffer's performance,
and thus the pKa of the chosen buffer should be within the range of the pH of choice. Reducing
agents are also added to the buffer to avoid the unwanted linkage via intra and intermolecular
disulfide bonds. For example, DTT is used in buffers to avoid unwanted disulfide linkage and
prevent protein from oxidation. However, DTT might affect the binding ability to the Ni-NTA
resin, thus should be avoided in the affinity purification step. Stabilizing agents such as glycerol
are able to help prevent aggregation and stabilize the protein, which are also suggested to

consider when choosing the buffer.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a low-cost
and commonly used tool to analyze protein samples by separating due to molecular weight
between 5 and 250 kDa (Laemmli 1970). In this chapter, SDS-PAGE is used to detect the
protein's existence and purity. Sodium dodecyl-sulfates (SDS) and 2-mercaptoethanol (BME)

are required in the denaturation step to unfold the protein into a linear form (Nowakowski, 2014).

13



Heating protein samples at 70-80 °C is also essential to assist the linearization of the native
protein. The SDS-PAGE is implemented by the appropriate voltage (from 100-120 V) that
migrates the negatively charged protein to a positively charged anode. Proteins with different
molecular weights are separated as it migrates through the polyacrylamide gel, which maintains
the charge of the protein. Coomassie blue is used to visualize the SDS-PAGE results through

the steps of staining and destaining.

Another approach to analyze the purity of the purification results is protein mass
spectroscopy, which provides a more sensitive and accurate analysis in protein identification,
size quantification, and characterization (Domon and Aebersold 2006). Activated by ionization of
the gas phase molecule, samples can be separated by mass during the step of acceleration in
the magnetic field. The history of biomolecular mass spectroscopy started in 1989, enabling the
ionization of unimpaired polypeptides through electrospray ionization (ESI) (Fenn et al. 1989).
Time-of-flight (TOF) analyzers are able to calculate the mass-to-charge ratio of an analyte ion
by measuring its flight time through a vacuum-sealed tube of a certain length. Thus, ToF
analyzer performance has vastly improved, especially resolution and mass accuracy (Domon
and Aebersold 2006). The instrument of mass spectroscopy used in this chapter is the Agilent
6230 Accurate-Mass TOF MS system. It enables the separation with high accuracy and
sensitivity as well as fast-speed data acquisition. The TOF MS system is combined with a liquid
chromatography system (LC) called Agilent 1260 Infinity Binary LC for mass analysis, which

makes this approach, LC-ESI-TOF mass spectroscopy, suitable for protein analysis.

Results

The purified samples eluted by imidazole from Ni-NTA column chromatography were

concentrated to ~10mL and loaded in the FPLC and further purified by S200 size exclusion

14



column chromatography. Figure 2.1 is the FPLC trace indicating the separation of proteins
based on their size. It is observed that the major peak elutes from volume ~280 mL to 318mL,
which is the expected fractions containing isolated T-WT. In addition, the FPLC trace is also
able to reflect the approximate protein concentration for each fraction through the A280
absorbance (unit: mAU). The major peak for this FPLC trace have the A280 maxima for ~860
mAu at ~310 mL, indicating the relatively high protein concentration at that volume. Also, the
larger area under the curve generated in the FPLC trace represents the higher amount of
protein in the fractions. The UV detector on FPLC is able to provide an approximation on protein
concentration. However, a more accurate and precise protein concentration is measured by

Nanodrop Spectrometer or UV-Vis spectrophotometer.

Samples of fractions collected from the eluted S200 size exclusion column were
linearized and loaded on SDS-PAGE gel. Figure 2.2 shows the SDS-PAGE gel image of the
protein samples before injected to the FPLC and after eluted from the FPLC. As the gel image
shows that protein concentration was diluted after isolation by SEC on the FPLC. However, the
S200 size exclusion column chromatography is able to produce relatively pure proteins. This

result indicates that the modified purification protocol was successful.

To verify the isolated protein is the target T-WT and has not degraded or been modified,
protein samples were analyzed on the LC-Agilent 6230-ESI-TOF MS Spectrum. Figures 2.3 and
2.4 illustrate the spectrum of purified T-WT samples. Only one major peak is observed, the
samples that were detected at the specific molecular weight. The deconvoluted mass spectrum
of T-WT the measured molecular weight of the sample, in which the molecular weight of the
purified protein sample is 18813 Da. The theoretical molecular weight value from Protein Data
Bank (PDB) of the 106D is 18.9 kDa. Therefore, the observed molecular weight of our purified

protein is consistent with the theoretical mass value as the difference in value is consistent with
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the loss of methionine after translation, indicating the protein purification is successful with high

purity.
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SEC Chromatography Purification of T-WT

< ol
200 \/_’\
100
0
250 270 290 310 330 350 3N 390
Volume (mL)
Figure 2.1

A. FPLC Trace of T-WT Purification is presented in this figure, in which x-axis is the elution
volume (mL), and y-axis represents the A280 signal (mAU) detected by UV detector. Fractions
were collected and pooled from each peak. The orange arrow represents the sample on the
SDS-PAGE gel, Lane 4, in Figure 2.2.
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SDS-PAGE
Figure 2.2

SDS-PAGE gel image of the purified T-WT from FPLC results. Purified protein samples from
FPLC eluted fractions were run on the SDS-PAGE gel to assess the purity and existence,
which used G02101 as protein ladder. Samples were loaded to the gel in the following way.
Lane 1: T-WT Elution from Ni-NTA column chromatography. Lane 2: Concentrated and
filtered T-WT Elution. Lane 3: Fraction eluted at 295 mL from the FPLC. Lane 4: Fraction
eluted at 310 mL (orange arrow) from the FPLC.
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Figure 2.3

A. LC-Agilent 6230-ESI-TOF MS Spectrum of purified WT of Thermophilic Methyltransferase
(T-WT). From the spectrum of Response Units v.s. Acquisition time, one majority peak is
identified at 12 minutes. The signal was obtained at UV 210nm.

B. LC trace peak of the identified major peak from LC-Agilent 6230-ESI-TOF MS Spectrum.
The graph shows the results of a sample separated by liquid chromatography, which
recorded the counts vs. mass-to-charge of the protein sample.
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Figure 2.4

A. Original ESI-TOFMS spectrum of purified T-WT obtained from LC-Agilent 6230-ESI-TOF
Mass Spectroscopy, with mass-to-charge (mz) value of each peak separated by LC labeled in
black color text. The charges of each fragment shown on the LC trace were labeled in red text.
The final molecular weight of the majority peak was determined using data shown in this graph.

B. Deconvoluted mass spectrum of T-WT from LC-Agilent 6230-ESI-TOF Mass
Spectroscopy. This mass spectrum shows the processed data of the purified T-WT
sample, which has only one majority peak by mass, 18813 Da. The result from Mass
Spectroscopy matches the literature value on PDB (18.9kDa), which indicates the
purification was successful.
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Introduction

Fluorescence and phosphorescence are two types of molecular luminescence that occur
in nature as due to the process of emission from electronically excited states to lower states
(Lakowicz 2017). The fact that fluorescence luminescence absorbs energy, such as ultraviolet
(UV) light, and emits immediately after absorption, is different from phosphorescence
luminescence, which is able to store the absorbed light and emit it later. Fluorophore refers to
chemical compounds or materials that are able to absorb light and re-emit the energy absorbed.
In 1933, Polish physicist Aleksander Jabtonski established the Jabtonski diagram, which
illustrates the molecular process of absorption and emission of the light, and can be represented
by two terms, quantum yields (Q) and fluorescence lifetime (z, tau) (Jablonski 1933). The
quantum yield (Q) represents the ratio of the number of emitted photons to the number of
absorbed photons. The lifetime (z, tau) of the fluorophore is defined by the average time the
molecule spends during the energy excitation and emission to the ground state. Equation 3-1
describes the relationship between the fluorophore emission rate and the quantum yield, where
knr represents the rate of non-radioactive decay; I' (gamma) represents the emissive rate of
fluorophore; Q represents the quantum yield of the photon. When k. is much less than I' (k- <

r), the quantum yield is approaching 1.

r
T+kyy

3-1 Q=

Equation 3-2 shows the expression of the fluorescence lifetime. 1 represents the lifetime

of the fluorophore, which is usually around 0.1 - 4 ns for a protein fluorophore.

1
3-2 T =
Tk
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Natural lifetime or intrinsic lifetime (zn) refers to the lifetime of fluorophore in the absence
of nonradiative processes. It is an essential property that measures the probability of finding an
electron and an electron hole in the same low-dimensional excitation state (Chen et al. 2013).
The natural lifetime of a fluorophore can be expressed as a function of lifetime and quantum

yield in equation 3-3:

3-3 Tn= —=

This concept correlates with fluorescence quenching, which represents the decreased
intensity of fluorescence. The timescale of quenching is best illustrated by the dynamic process
in biomolecules by understanding the role of an excited-state lifetime. Collisional quenching
refers to the decreased fluorescence intensity during the deactivation of the excited-state
fluorophore that collides with the quencher (such as oxygen, halogens, amines, and electron-
deficient molecules) in solution. Since excitation is an instantaneous process, the absorption
spectrum is not able to provide enough information about the non-radioactive path to the ground
state. However, the collision quenching is able to provide time and distance expansion through
the solvent relaxations, which is a relatively long timescale compared to excitation. The solvent
molecules reorient at 10™'% (around excited states) and shift the emission states to longer

wavelengths by lowering their energy level.

Anisotropy refers to the variable physical properties of substances along different
molecular axes, and it is measured based on the principle of photoselective fluorophores
excitation, which is initiated by polarized light. Fluorescence anisotropy (r) can be expressed in
the equation 3-4, where r represents fluorescence anisotropy, |, represents the vertically

polarized emission, and I, represents the horizontally polarized emission.
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I+,

3-4 r =

Therefore, fluorescence anisotropy provides insight in the dimensional, conformational,
and rigidity properties of the protein in different environments. Randomly oriented fluorophores
have the preference to absorb light and photons, which have electric vectors parallel to the
fixed-oriented transition. After considering the factor of rotational diffusion that decreases
anisotropy value and displaces the emission dipole of the fluorophore, the expected anisotropy
(r) can be determined using the Perrin equation (3-5). Here, ro refers to anisotropy without the
effect of rotational diffusion and 6 refers to the rotational correlation time. The rotational
diffusion can provide information about the angular displacement between absorption and

emission.

3-5 r =

Fluorescence resonance energy transfer (FRET) is a distance-dependent energy
transfer that occurs when the emission spectrum of one donor fluorophore overlaps with the
absorption spectrum of the other acceptor fluorophore. The rate of resonance energy transfer
depends on the distance between the donor and acceptor, which is affected by their overall
concentration coupled by dipole-dipole interaction. The rate of energy transfer is expressed in
equation 3-6, where krrefers to the rate of energy transfer, 7p refers to the lifetime of donor, r

refers to the distance between donor and acceptor, and Ry refers to the spectrum overlap.
_ 1 (Rove
36 ke(r) = — ()

The efficiency of FRET (E) can also be expressed using distance (r) as a variable in

equation 3-7:
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3-7

With measuring the spectrum overlap, FRET is considered an approach for measuring

distances on different protein and biological macromolecules sites.

There are two types of biochemical fluorophores, intrinsic (occurs naturally) and extrinsic
(added to the sample) fluorophores. Different types of biomolecules have different wavelength
absorption and emission. For example, the indole group in tryptophan and aromatic amino acids
appears to be a dominant intrinsic fluorophore. Other biomolecules, such as DNA have weak
fluorophores that require staining with fluorescent dye in order to be visualized. Some other
substances, such as NADH and oxidized flavins, can be used as extrinsic probes, which have

high intensities and stabilities but do not distract the labeled macromolecules.

There are three types of intrinsic fluorophores in proteins that can be used in
fluorescence spectroscopy. Aromatic amino acids in proteins are able to absorb and emit
energy at identical wavelengths due to the effect of sidechain, solvent pH, concentration, and
folding or unfolding events. These amino acids include phenylalanine (Phe, F), tyrosine (Tyr, Y),
and tryptophan (Trp, W), which are relatively rare in comparison to other amino acids in the
protein. As a result of the limiting presence of aromatic amino acids within a given polypeptide
chain, following the fluorescence signal is efficient and straightforward, depending on which
aromatic residue is present. Phenylalanine has a relatively weak absorption of ultraviolet light
and emission at around 282 nm. Tyrosine is a relatively simple fluorophore with absorption at
around 275 nm and emission at around 303 nm. Of the three amino acids fluorophores,
tryptophan has the most significant signal in both the absorption and emission spectra. The

absorption of UV fluorescence is broader as it goes from 295-305 nm, while the emission is at

26



350 nm. This is a dominant signal in the emission spectrum that is highly sensitive to the local
micro-environment as changes in the emission spectrum through unfolding events,
conformational changes, or ligand binding (Lakowicz 2017). Therefore, tracing the signals of
intrinsic protein fluorophores in fluorescence spectroscopy is a practical approach in biophysics
due to the different levels of sensitivity in the respective fluorophore’s local environment. For
example, tyrosine has relatively low sensitivity to the local environment because its emission
occurs from a single electronic state. The single electronic transition has constant anisotropy
over a long absorption wavelength range (Ross et al. 1992). Tyrosine can also easily lose a
proton on the aromatic hydroxyl group and undergo an excited ionization-state at neutral pH,
where the fluorescence is quenched (Creed 1984). On the other hand, the emission spectrum of
tryptophan has a relatively high sensitivity to the local environment due to its two nearby
isoenergetic transitions. The anisotropy of the indole group in tryptophan is not constant over
the long-wavelength range. Since the anisotropy depends on the fractional absorption
distribution of each state, the emission maximum is more sensitive in tryptophan, and therefore

it can usually reflect the structural information of a protein (Eftink et al. 1990).

Result

In this chapter, taking advantage of the different fluorophores that are intrinsically
available in each protein, the emission spectra were obtained from the native and partially
unfolded states of the knotted proteins. Figure 3.1 shows the sequence of MTTSA and MTTTM
with the intrinsic fluorophores highlighted. The protein sequence of MTTSA has a tryptophan
(W18) but also has several tyrosines (Y17, Y25, Y32, Y125, Y148, and Y159) and
phenylalanines (F105, F107, F129, F134, and F151). On the other hand, MTTTM lacks

tryptophan in the sequence but contains several tyrosines (Y24, Y105, Y151, and Y153) and
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phenylalanines (F16, F27, F31, F67, F83, F86, F112, F119, F126, F140, and F143). Using the
specificity in the aromatic amino acids emission maxima, a wavelength profile of the respective
proteins in native and partially unfolded (through incubating in denaturants over time) conditions
was collected. Due to the resonance energy transfer from phenylalanine to tyrosine to
tryptophan as their spectral properties, the emission spectrum of MTTsa was traced dominantly
from the tryptophan signal, which was excited at 295 nm and collected the emission spectrum in
the range of 280 nm to 450 nm with 3 nm slit width. Moreover, the emission spectrum of T-WT
was traced dominantly from the tyrosine signal, which was excited at 275 nm, and the emission

spectrum was collected from 265 nm to 450 nm with a slit width of 5 nm.

Fractions of purified samples from S200 column chromatography were collected and
concentrated to at least 0.3 mg/mL for optimal fluorescence signal. Native knotted protein was
incubated in a denaturation buffer. Emission spectra were collected over various timeframes (1
Day, 5 Days and 11 Days), as it has been previously revealed that unfolding and untying of the
knotted structure is remarkably slow because of o the kinetically uncoupled process of folding
and tying the knot ( Capraro and Jennings 2016). Interestingly, given the presence of a single
tryptophan and sensitivity of the microenvironment of this fluorophore to changes, small
amounts of denaturant may reveal subtle changes in tertiary interactions. Thus, the effects of
denaturant on the tryptophan signal may be observed from an emission spectrum of native M-
TW. The emission spectrum of native protein is shown (Figure 3.2, blue) where the

emission maximum, lambda max, was determined and labeled. Additional spectra were
collected at a different denaturant concentration and on varying timescales in order to assess
changes in the lambda max. For the M-WT incubated in 0.5M guanidine hydrochloride
denaturation buffer, lambda max of the native protein is 333nm. The emission maximums at 1
day, 5 days and 11 days of denaturant incubation of the M-WT are 333nm, 336nm and 335 nm

respectively. Similarly, the emission maximum of M-WT shifted is monitored by raising the
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concentration of the denaturant of 1.5M guanidine hydrochloride. The emission maximum of 1
day, 5 days and 11 days of the incubated protein are 338 nm, 339 nm and 338 nm respectively.
Examination of the lambda max at two different, but low concentrations of denaturant may
reveal conformational changes in the native state prior to unfolding or untying (REF-Ervin,
2002). For some proteins, a hyperfluorescent intensity maxima may be observed during protein
unfolding, indicative of a conformational state that may precede unfolding, or here, untying. For
M-WT, the change in the lambda max at low denaturant is observed (Figure 3.2A). According to
the overlay of the time-dependent emission spectra (Figure 3.2A), there is a distinct
hyperfluorescent change over time, where an observed shift in lambda max and increase in
signal intensity is observed over time. Interestingly, while there is an observed decrease in
relative signal intensity, a greater change, but different trend is observed with more equilibration
at a higher concentration of denaturant. While there is a noticeable increase of shift in
wavelength at 1.5M denaturant, and the fluorescence signal intensity is more significantly
quenched, a hyperfluorescent trend is still observed (Figure 3.2B) . These preliminary
indications reveal a unique trend that suggests that changes in the tertiary interactions of M-TW
are slow and differences in the solvent exposure of the tryptophan are apparent. These
differences may be important in both the initial unfolding of the protein and untying of the knot,

over time.

Concurrently, similar experiments were conducted on T-WT, although the excitation and
emission data reflect observations following the fluorescent characteristics of tyrosine, as T-WT
does not contain a tryptophan. Here, emission spectra were collected at the denaturant
concentration of 3.2M and 4.0M over a similar timeframe. These equilibration points were
selected based on previous observations indicating the presence of hysteresis at these points
(Capraro, 2016). The hysteretic gap may be attributed to differences in tertiary interactions

within T-WT, although only data highlighting the secondary structure has thus far been analyzed
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A.

1 6 11 16 21 26 31 36 41 46 51

MSLKI TILAV GKLKE KY.KQ AIAEY EKRLG PYTKI DIIEV PDEKA PENMS DKEIE

56 61 66 71 76 81 86 91 9% 101 106
QVKEK EGQRI LAKIK PQSTV ITLEI QGKML SSEGL AQELN QRMTQ GQSDI VIVIG

111 116 121 126 131 136 141 146 1 156 161

GSNGL HKDVL QRSNY ALSIS KMTIP HQMMR VVLIE QVYRA EKIMR GEAYH K

1 6 11 16 21 26 31 36 41 46 51
MSLRV RIAVI GKLDG IIKEG IKHYE KILRR ICKPE VLEIK RVHRG SIEEI VRKET

56 61 66 71 76 81 86 91 96 101 106
EDLTN RILPG SEVMV MDKRG EEVSS EERAD ELKDL EMKGK DITIL IGGPY GLNEE
111 116 121 126 131 136 141 146 151 156 161

IFAKA HRVES LSKMT ETHGM TVLIV LEQIF RAEKI IHGEN YHYEG GSHHH HHH

Figure 3.1
Sequence of MTT.. (Figure 3.1A) and MTT.. (Figure 3.1B) with highlighted intrinsic fluorophore:
tryptophan (W) in red, tyrosine (Y) in yellow, and phenylalanine (F) in purple. The intrinsic
fluorophore that was followed for MTT.. (M-WT) was W18. For MTT.. (T-WT) the intrinsic
fluorophores that were followed were: Y24, Y105, Y151, and Y153.
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and presented (Capraro, 2016). Initial data collected investigating tertiary and/or conformational
differences included equilibrated denaturant samples over a 1 day, 5 days, and 11 days
timeframe using fluorescence spectroscopy based on the tyrosine emission signal. Figure 3.3
highlights the emission spectra of T-WT in 3.2M and 4.0M guanidine hydrochloride denaturant
for 1 day, 5 days and 11 days. Interestingly, the spectra reveal a similar red-shift in the spectra
over dilution and time, as well as a hyperfluorescent trend (Figure 3.3). Initially, an emission
maximum for native T-WT was observed at 342 nm. The lambda max T-WT at 3.2M denaturant
over time, 1 day, 5 days and 11 days, shifts to 354nm, 354nm and 355 nm respectively.
Similarly, lambda max at 4.0M denaturant shifts to 347 nm, 356 nm and 356 nm respectively.
Additionally, unlike M-WT, the emission spectra of T-WT reveal an additional shouldering in the
data between 305 and 310 nm that may correlate to changes in the solvent exposure of the
available tyrosine. Given the unique trend in the emission spectra of T-WT, further investigation
is required to better understand the relationship of the tyrosine interactions with the overall fold
and the transition to unfolding of the protein. The initial indication is that the shifting and
shouldering observed in the emission spectra may be contributions of the exposure of tyrosine
residues to the buffer and the appearance of the phenylalanine signals (there are 4 tyrosines

and 11 phenylalanines) during the initial unfolding process of the protein.
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Figure 3.2 A

Emission spectra of M-WT monitored fluorescence spectroscopy of tryptophan excitation.
Native M-WT protein (blue) was incubated in (A) 0.5M guanidinium hydrochloride buffer for 1
day (orange), 5 days (gray), and 11 days (yellow). (B) The emission spectra of the native protein
and the 1.5M guanidinium hydrochloride buffer were labeled in the following the same coloring
scheme.
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Figure 3.3 A

The emission spectra of T-WT are monitored by fluorescence spectroscopy of tyrosine
excitation m. Native T-WT (blue) protein was incubated in (A) 3.2M guanidinium hydrochloride n
buffer for 1 day (orange), 5 days (gray) and 11 days (yellow). The lambda max of the emission
spectra is indicated. (B) T-WT incubated in 4.0M guanidinium hydrochloride buffer following the
same timescale and coloring scheme as (a). Lambda max for each spectrum is indicated.
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Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy is a commonly used technique to
identify and analyze the structure and dynamics of biomolecular compounds. It is a powerful
tool to investigate the molecular motion of proteins in solution on a multidimensional scale (Rule
and Hitchens 2010). The general theory of NMR spectroscopy is the utilization of different
magnetic spins of the various nuclei in order to identify atomic interactions that may relate to
bonding interactions of spatial proximity in the protein (Howard 1998). Different from X-ray
crystallography, which is also a protein structural determination approach, NMR samples are
prepared in solution and are faster in terms of data acquisition than crystalized samples. The
increasing size of the biochemical compound introduces complexity to spectral analysis due to
the numbers of magnetically active nuclei, therefore the size of a protein or protein complex is a
limiting factor in protein NMR spectroscopy. With the development and optimization of relaxation
techniques and selective labeling strategies of amino acids within protein domains has
broadened the size range that is capable of being analyzed, increasing to nearly 100 kDa (Yu

1999).

The principle of NMR spectroscopy comes from the odd mass number of atomic nuclei
that are able to rotate around a given axis. The rotation of the charged nuclei creates a
magnetic field which is visualized in Figure 4.1. In NMR spectroscopy, the spinning charged
nuclei is able to create a magnetic field vector, The derivative of the nuclear magnetic moment
vector produces a spin angular moment vector, dy, which is proportional to the nuclear
magnetic moment (Waterman 1997). When an external magnetic field, B, is applied to the
nuclear magnetic moment, the spinning nucleus will precess around the axis of the external
magnetic field. This phenomenon is called Larmor precession. The precession is presented by
angular frequency, which is proportional to the external magnetic field given by the equation,

@ = —yB, in which refers to the gyromagnetic ratio of the nucleus (Tekely et al. 2002). The
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Larmor precession is observable by bringing the external magnetic field perpendicular to the
nuclear magnetization vector. The molecular electrons in this field will produce local currents,
which will also produce an alternative field. The external magnetic field can be reduced by this
alternative field, and this phenomenon is known as chemical shift, which can be used to identify
the structural property at the atomic level (Silverstein et al. 2014). However, not all charged
nuclei are suitable for NMR spectroscopy. For example, '?C, "N and '°O are not active in NMR
spectroscopy due to the even mass number of atomic nuclei, so the nucleus is not able to spin
and create the magnetic moment. Several commonly used isotopes that can be used to label
proteins that trigger magnetic spin are 'H, "N, "*C and 3'P (Howard 1998). Due to this property,
protein samples are required to be isotopically labeled, which is easily achieved during the

fermentation process of protein overexpression and subsequent purification and isolation steps.

A chemical shift can be used as a reference signal to identify the nuclei and characterize
the environment of a given residue. Fourier transform is a mathematical transformation that
converts the spatial and temporal function into spectrum signals in spectroscopy and is reflected
as a frequency (Bailey and Swarztrauber 1994). The unit of chemical shift in NMR
spectroscopy is measured in hertz (Hz). The difference in a chemical shift is divided by Larmor
frequency due to the difference in frequency of the external magnetic field. Thus, the frequency
of chemical shift difference is much smaller than the external magnetic field frequency and is
therefore usually presented by the unit of parts per million (ppm), where the frequency in the
unit of Hz is multiplied by one million. For instance, if the two signals in 1H spectrum are 8000
Hz apart and the Larmor frequency is 800 million Hz, the chemical shift difference is determined
to be (8000 Hz / 800 MHz)106 ppm = 10 ppm. Visually, an NMR spectrum is a left oriented axis,
in which the frequency measured in ppm is increasing from right to left. Figure 4.2 provides a

description of the different frequency range the various nuclei within an amino acid may appear
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in a given1H spectrum. Specifically, alkyl groups on the side chain of amino acids have a
relatively low frequency and low peak intensity. The central carbon signal, Calpha, has a larger
frequency than the carbons on the side chain. The imine and amide groups in amino acids have
the highest frequency signal but relatively low peak intensity. Aromatic side chains have a lower
frequency, but higher intensity compared to the amide frequency. Both the alpha proton, HA,
and the water signals have the greatest intensity, and are located approximately at the midpoint
of the spectrum. Generally, a combination of experiments yielding characteristic signals for each
of the amino acids in the polypeptide chain are used to identify, assign, and generate an NMR
solution structure. While chemical shift frequencies are affected largely by the local environment
of each residue, such as whether the amino acid is making a hydrogen bond interaction or
packed up against an aromatic ring, complicating backbone assignments, the advantage of

acquiring atomic details for a given protein outweigh these potential complications.

In this chapter, protein NMR spectroscopy was used to acquire data for M-WT.
Specifically, a two-dimensional 1H-15N heteronuclear single quantum coherence (HSQC)
spectrum, with one axis of 1H and another axis of 15N, was collected to determine the chemical
shift dispersion of M-WT. In this particular experiment, an additional time pulse was introduced
creating a variable in time (t) systematically between two pulses. In this way, the 15N nuclei
signal can be observed additionally by combining with 1H signal to form a two-dimensional
HSQC spectrum. The principle of this spectrum is based on the magnetization transfer from the
proton (1H) to the heteronuclear (15N) through the J-coupling. J-coupling, also referred to as
spin-spin coupling, is a process where two nuclei perturb the valence electrons respectively
generating an observed splitting in peaks in the NMR spectrum (Cavanagh 2006). Significantly,
an HSQC represents a unique chemical shift dispersion, much like a fingerprint, for a given

protein.
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Figure 4.1

Cartoon visualization about the principle of NMR spectroscopy that the spinning charged
nucleus creates a magnetic field. In this figure, the yellow circle with “+” represents the charged
nucleus that undergoes a spinning motion. B represents the external magnetic field that is
perpendicular to the nuclear magnetization vector. represents the nuclear magnetic moment
vector that characterizes the spin of the charged nuclei, and with blue arrow represents the spin
angular momentum vector that is proportional to. The black circular arrows represent the Larmor
precession and represents the angular frequency of the precession.
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Figure 4.2

1H spectrum of the nucleus signal approximate peaks in amino acids. The nucleus signals in
amino acids are presented with the frequency range and approximate peak intensity. Blue
represents the alkyl signal HCg, 5..on the side chain. Yellow represents the central C, signal.
Green represents the water or the HA group. Purple represents the aromatic signal on the
sidechain of amino acids. Orange represents the amides signal in amino acids. Each group is
presented and circles with respective colors in the chemical structure diagram below the
spectrum.
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Results

Acquisition of a 1H-15N HSQC is an effective first step at determining the overall fold of
a given protein. Chemical shift dispersion can indicate the quality of the overall fold, unique
interactions, and potential aggregation. Initial indications of changes in the overall structure can
also be assessed through comparison of the changes in the fingerprint pattern in different
solution conditions. Here, we probe chemical shift changes by comparing a folded and unfolded
spectrum of M-TW. The experiments were collected at 305K in similar solutions with the
unfolded sample containing 7M urea. The overlay of folded (blue) and unfolded (red) M-WT is
presented in figure 4.3. Comparatively, the chemical shift dispersion is significantly different.
Generally, the spectrum of native M-TW has well resolved peaks that are well dispersed
indicative of a folded protein. This chemical shift dispersion is due in part to ring currents and
dipole interactions between amino acids (Yao et al. 1997). The unfolded spectrum (red)
revealed a noticeable difference in chemical shift dispersion where many of the peaks are
clustered in the middle, consistent with amino acids that are not making additional interactions
or a protein that is generally unfolded. Specific interactions standout in the 1H-15N HSQC
overlay. There is a significant shift in the spectra where the resonance peak appearing at
10.51ppm (a probable tryptophan) has shifted in the unfolded state to 10.17ppm. As there is a
lone tryptophan in M-WT (W18) upfield shift may result from the loss of hydrogen bonding due
to decrease in deshielding because of the unfolded backbone. These lost intramolecular
hydrogen bonds may include Y17 and M138 (proximal residues in the 1vhO0 structure) as the

protein is unfolded.
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Figure 4.3

Overlay of the ‘H-sN heteronuclear single quantum coherence (HSQC) spectrum of native M-
WT (black) and unfolded M-WT in 7.0M urea denaturant (red). The location and shift of the
possible tryptophan residue is boxed, and the respected shifts indicated.
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Discussion

The protein expression, purification and subsequent preliminary experiments of T-WT
were critical in generating foundational information regarding the overall fold and solution
dynamics for the unique class of knotted proteins. The initial purification protocol was modified
and optimized in order to maximize the yield of the protein of interest for concurrent downstream
experiments. The resulting isolated protein was analyzed by mass spectroscopy indicating the
presence of a single peak shown at 18813 Da, consistent with the theoretical values. This result

verified the protein of interest in the subsequent experiments

The initial unfolding experiments of SPOUT MTase using fluorescence spectroscopy
which provided preliminary data based on the emission spectrum signal of tryptophan (M-WT)
and tyrosine (T-WT) were informative and interesting. For M-WT, the protein samples that
were incubated in low and moderate levels of denaturant (0.5M and 1.5M guanidine
hydrochloride) over a lengthy period of time (5 days and 11 days) revealed changes in the
lambda max. These differences suggest that while the unfolding of the protein resulted in
fluorophore quenching, consistent with loss of static folded interactions, the hyper fluorescence
observed may correlate to the knot movements as the protein loosens the route to unfolding.
With an increase in the population of unfolded protein (1.5M), a trend is still observed, although
it is less pronounced. Given that the emission maximum shift to larger wavelength is a possible
response for the hydrogen in tryptophan exposure or bonding to the water in the buffer solution
(Lakowicz 2017) because of unfolding, more experiments are needed to assess the use of

emission spectral analysis as a knot signature signal.

Similarly in the unfolding experiments following the tyrosine emission signal (T-WT)

revealed multiple trends in the spectra over time. For T-WT, the change in lambda max is
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consistent with previous results using circular dichroism (CD). While CD monitors the
secondary structural changes in a protein, where the helical signal is most pronounced when it
is fully formed, over time and in the denaturant, that signal is altered (Capraro and Jennings
2016). Since the emission maximum shift was observed to be increasing at the middle range
(2.5M to 4.5M) of denaturation buffer, the emission spectrums of T-WT incubating in 3.2M and
4.0M guanidine hydrochloride denaturation buffer were obtained. A special trend of splitting the
emission maximum peak to an approximate 355 nm peak and an approximate 310 nm shoulder
after the native samples were incubated in the denaturant for 11 days. However, the reasons for
this phenomenon of splitting peaks are complicated due to the multiple tyrosines in the
sequence of T-WT and might also reflect the signal of phenylalanine showing up on the
emission spectrum. Another unusual observation for the T-WT emission spectrum is from the
emission maximum peak of the native protein. Normally speaking, tyrosine is excited at around
275 nm and emitted at around 304 nm (Yang et al. 2017). However, our observed native T-WT
with several tyrosines but absence of tryptophan emission spectrum showed the emission
maximum at 342 nm, which was easily confused with tryptophan fluorescence signal. One
possible reason for this special phenomenon is the tyrosinate emission at around 345 nm in the
protein that lacks tryptophan residues in neutral solution (Szabo et al. 1978). This guess
requires further solidations and evidence since tyrosine is able to be ionized to tyrosinate in
neutral and weak basic solutions (Schnarr and Helene 1982). However, the pH of our T-WT
samples is 5.6, which conflicts with the guess of excited-state ionization of tyrosine to tyrosinate.
Therefore, the reason for the emission maxima of the protein samples with tyrosine but lack

tryptophan requires further investigation.

The two dimensional ‘H-sN HSQC spectrum provided evidence in investigating the
native and unfolded M-WT residue fluctuations. The unfolded M-WT HSQC spectrum is

observed to have a narrower chemical shift dispersion in comparison to the native protein. It
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could be explained by the fact of losing secondary structure. In addition, W18 is observed to
have the most significant change in chemical shift when the protein is unfolded. This
observation could indicate the change in surrounding environment including the decrease of
electronegativity and hydrogen bond effect of W18 with the nearby residues, including Y17 and
M138. However, further calculations and investigation should be done, including the backbone
assignment and calculations of structural parameters, including orientation, intramolecular

distance, and coupling constants (Chatterjee et al. 2005).

The work presented in this thesis mainly focuses on obtaining the preliminary data of the
knotted SPOUT MTase during the unfolding process. The purification protocol was modified and
analyzed by mass spectroscopy to assess the purity of the purification results. Several
approaches including the fluorescence spectroscopy and NMR spectroscopy were applied to
characterize the unfolding process as the native protein samples were incubated in the

denaturation buffer over time.

Future Directions

Given that the NMR spectrums of M-WT in native, partially unfolded, and unfolded
states. It would be significant to monitor the real-time unfolding process of the knotted protein.
Therefore, a kinetic spectrum was obtained to monitor the time for the initial unfolding step of
the M-WT. Figure 5.1 illustrates the initial unfolding kinetics of the native M-WT in 3.5M and
4.0M Urea denaturation buffer. From the kinetic spectrum, it could be observed that the
decrease in fluorescence signal intensity in the first 200 seconds was the greatest, representing
the drastic unfolding event in the native knotted protein. However, the signal intensity was

still having a decreasing trend when the native protein was in the 3.5M urea denaturation buffer
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after 6000s. Thus, another kinetics unfolding experiment in 4.0M urea denaturation buffer was
set up in the same method but increased the time frame to 16,000 seconds. The decrease in
fluorescence signal intensity of native M-WT in 4.0M urea denaturation buffer was determined to
be 1.46-fold than the 3.5M trial, indicating that the native knotted M-WT is unfolding faster in
4.0M urea. Similarly, the decrease in fluorescence signal intensity slowed down after 12,000
seconds, but we could still observe the minor decrease in the intensity at 16,000 seconds.
Given the results from the emission spectrum experiment in Chapter 3 of this thesis, the
emission maximum shift was observed at 5 days incubation in the 1.5M guanidine denaturation
buffer. The unfolding process of M-WT was expected to be long given that the trefoil knot
provides extra stability to the protein and makes the unfolding process longer. The kinetic
unfolding experiment is still able to provide us a preliminary idea of the approximate time frame
for us to observe the signal shift in real-time NMR spectroscopy in order to capture the signal

change during the initial unfolding process at the atomic level.

In order to create an unfolding profile for the knotted T-WT, protein samples were
incubated in various concentrations of guanidine hydrochloride denaturation buffer from OM to
6.0M at room temperature for 7 days and 14 days. The emission spectrums of each sample
were obtained by tracing the tyrosine signal. The emission maximums of protein in various
denaturant concentrations were determined and plotted in Figure 5.2. From the results shown in
this figure, there is no significant difference of the unfolding profile between 7 days and 14 days
incubation in guanidine hydrochloride. The previous unfolding data monitored by circular
dichroism spectroscopy indicated a curve with a more significant trend showing denaturation
since it reflects the signal change of diminishing secondary structure (Carpraro and Jennings
2016). In the case of fluorescence spectroscopy, the instrument monitored the protein's tertiary

fold by tracing the tyrosine signal. Therefore, there might still be some interactions between the
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Figure 5.1

(A) illustrates the kinetics spectrum of the unfolding process of native M-WT. Urea denaturation
buffer stock was added to the native protein to make the final concentration of urea 3.5M, and
the kinetic spectrum was obtained immediately after the sample was mixed with the urea
denaturation buffer. This figure shows the kinetics for the first 6000 seconds of the unfolding
protein by observing the fluorescence intensity decrease.

(B) was obtained using the same method. The native protein was mixed with the urea
denaturation buffer stock to make the final concentration of urea 4.0M. The kinetic spectrum that
monitors the unfolding process was obtained for the first 16,000 seconds.
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Guanidine Hydrochloride Denaturation Curve of T-WT
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Figure 5.2

Guanidine hydrochloride denaturation curve was plotted by averaging emission
maximum wavelength of T-WT in various concentrations of guanidine hydrochloride
denaturation buffer ranges from 0.0M to 6.0M, with x-axis showing guanidine hydrochloride
concentration and y-axis showing averaged emission maximum wavelength calibrated by buffer
respectively. Protein samples were incubated in the denaturant at room temperature for 7 days
(blue) and 14 days (red). The fitted curves were presented by the dash lines with identical
colors.
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environment and the tyrosine residues during the unfolding step of MT T, leaving more

investigations to be done in terms of the tertiary fold and the microenvironment of the protein.

Another future direction of this work could be introducing the computational modeling
tools as a supporting approach to investigate the structural and functional effect before and after
the ligand (SAM) binds to the SPOUT MTases protein, in which the ligand binding site is very
close to the knotted region. In order to be familiar with the principle and function of
computational simulations, RaptorX developed by Xu'’s group was used to predict the possible
conformations for the native MTTtu by generalizing a contact map and probability matrix from
the Multiple sequence alignment (MSA) result (Xu et al. 2017). The contact was defined by Cb-
Cb distance, that is < 8A, and the contact probability was colored by a different scale of grey:
the darker color represents the higher probability of contact between two residues. Figure 5.3
(A) shows the contact map of the first model that RaptorX generated. The knotted region
including crossing loop and threading loop is circled by a red box. It shows a relatively high
probability of contact in the knotted region, and a unique turn in the helix, which is commonly
found in knotted protein. RaptorX provided us in total five models based on the inter-residue
distance and PDB sequence, and they are shown in Figure 5.3 (B). What can be observed is
that most of the regions in the model have little differences except for the c-terminus is very

flexible.

RaptorX is able to provide a high-quality structure without the homologues in PDB.
Therefore, it would be possible to simulate the knotted protein structure of the protein mutations
by substituting different residues into Alanine, which would make the side chain smaller. The
mutations that have the most conformational difference might indicate the residues that might

contribute to the structural function of the knotted SPOUT MTase. Starting from this point, it
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Figure 5.3

A. The contact map predicted by RaptorX produced from Xu’s group for SPOUT MTT1m.
The red box indicates the location of the crossing loop and threading loop of the knot.

B. Cartoon representation of the top 5 models generated from the contact map and MSA
probability matrix.
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would be possible and more efficient to investigate differences among the wild-type and

mutations through the experimental approach.

Molecular Operating Environment (MOE) would also be a useful tool to simulate the
interactions and possible conformational change between the ligand and the protein. Therefore,
it is possible to use the MOE docking visualization prediction of the binding ability of the ligand
to the binding site in the aspect of ligand conformation and orientation. Additionally, MDAnalysis
could be run with the results of MOE docking. This analysis is able to provide structural and
temporal properties of MD simulation trajectories and individual protein structures (Michaud-
Agrawal et al. 2011). In order to have a more detailed and accurate result, additional MD
simulation of the unfolding mechanism is necessary to be done, and several factors for this
approach discussed here are necessary to be considered. Firstly, we need to consider the high
stability of the knotted core, which takes 20-fold slower to untie the knot in comparison to only
unfolding it. Also, our previous research observed a long-range allosteric change in helices,
which is consistent with tying and untying in helical propensity, when the knot is binding to the
SAM ligand. Thus, we also need to consider the movement of surrounding domains and
opening the hydrophobic core (Xu and Li 2018). The simulation results can be compared with
the previous NMR data of the ligand binding experiment to assess the accuracy of the

simulations.
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Chapter 6

Material and Method



Protein Expression, Purification and Sample Preparation

General

Unlabeled Mesophile and Thermophile samples were expressed in Miller Luria-Bertani
Broth (LB media) (Fisher BioReagents) by growing in the E.coli cells. Isotopically labeled
Mesophile were expressed in Minimal Media that contains 2.0 g/L AmSO. (Fisher Chemical) and

3.0 g/L D-glucose (Cambridge Isotope Laboratories) that isotopically labeled =N and =C.

M-WT (MTTsa)

Unlabeled protein is expressed and purified in the following protocol. The wild type protein
of mesophile (PDB code: 1Vh0) was transformed using BL21(DE3) Competent E.coli
(Invitrogen). After transforming the M-WT genes into E.coli, the cells were grown in LB media
with 50 mg/mL Kanamycin (Fisher BioReagents) as an antibiotic at 37°C until OD..reached 0.6-
1.2. The protein expression was induced in 1mM IPTG (Teknova) and induced overnight (16-18
hours) at room temperature (25°C). Cell pellets were collected by centrifugation at 3000 rpm for
30 minutes using Beckman-JLA 8.1 (Beckman Coulter). The cell pellets were first frozen at -
80°C for at least 1 hour and then thawed in order to ultimately produce the lysing result. Next,
cell pellets were resuspended using 10mL lysis buffer (50 mM NaPO. pH 8, 300 mM NacCl, 5
mM B-ME) per 1L of cell growth and sonicated on ice for total of 25 minutes (10 seconds on, 15
seconds off) to lyse the protein from cells. Supernatants that contain the protein are collected by
centrifuging the lysate at 13000 rpm for 30 minutes using Beckman-JA 14.5 (Beckman Coulter).
Protein purification is implemented using the method of manual purification of 6xHis-tag proteins
from E.coli using Ni-NTA column chromatography (QIAGEN). Ni-NTA resin was equilibrated
with 2 beds volume using the lysis buffer. Next, 4 beds volume of the cell lysate was loaded to

the column and incubated with the resin on the shaker for 1 hour at 25°C. The supernatant was
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collected by gravity flow and marked as flow-through (M-FT). The column was washed twice
with 2.5 beds volume of wash buffer (50mM NaPO4 pH8, 300 mM NaCl, 5 mM BME, 10 mM
Imidazole) and collected the fractions (M-W1 and M-W2). Purified protein was collected by
eluting with 1 bed volume of elution buffer (150 mM NaOAc pH 5.6, 600 mM NaCl, 10 mM BME,
300 mM Imidazole) for 3 times. Fractions containing M-WT were pooled and labeled as M-E.
Purity and amount were accessed by SDS-PAGE in order to confirm protein purification. M-E
was concentrated to approximately 10mL for further purification using size exclusion column
chromatography on FPLC (Bio-Rad). S200 size exclusion column was equilibrated using filtered
and degassed SE buffer (75 mM NaOAc pH 5.6, 1% glycerol). Concentrated protein samples
were injected and ran through the S200 column. Peaks shown on the FPLC trace with A280
absorbance were accessed for protein presence using SDS-PAGE gel, and approximate protein
concentration were measured using ND-1000 Nanodrop Spectrophotometer. Fractions that

were confirmed of protein presence were pooled and stored for next step analysis.

T-WT (MTTwm)

The wild type protein of thermophile (PDB code: 106D) is expressed and purified in
the following protocol. DH5 competent cells are used to maximize the transformation
efficiency of the genes followed by transformation to E.coli cells using BL21 (DE3). The
initial growth started in LB media with 50mg/mL Kanamycin (Fisher BioReagents) as
antibiotics at 37°C until the OD.. reached 0.6-1.2. IPTG is added to the final
concentration of 1mM to inducting overnight (16-18 hours) at room temperature (25°C).
Cell pellets containing the protein were collected by centrifugation at 3000 rpm for 30
minutes using Beckman-JLA 8.1 (Beckman Coulter). The total cell pellets were
resuspended by 1X lysis buffer (75mM NaOAc, pH 8.0, 150mM NaCl, 5mM BME), and

the homogenous was sonicated on ice for total of 25 minutes, with 10 seconds on and
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15 seconds off in order to lysed the protein out from the pellet and make it solvable to
the buffer. Supernatant containing T-WT was obtained by centrifuging the homogenous
after sonication at 13000 rpm for 40 minutes using Beckman-JA 14.5 (Beckman Coulter).
4 beds volume clear supernatant was then transferred to the equilibrated Ni-NTA
column using at least 2 beds volume lysis buffer, and 6X His-tag protein was set to bind
with the resin on shaker for 1 hour at room temperature. Flow through (FT) was
collected by gravity flow. Column was washed twice with 2.5 beds volume 1X wash
buffer (75mM NaOAc, pH 8.0, 150mM NaCl, 10mM imidazole, 5mM BME). Protein was
eluted by 1 bed volume of 1X Elution buffer (75mM NaOAc, pH 8.0, 150mM NaCl,
150mM imidazole, 5mM BME) for three times, and each fraction of elutions were pooled
together. Flow though(T-FT), Wash (T-W1 and T-W2), and Elution (T-E) samples were
collected for SDS-PAGE analysis. After confirmation with SDS-PAGE, the T-E fraction
was concentrated to ~10mL and loaded to the S200 size exclusion column on FPLC.
The size exclusion column chromatography was run in the SE buffer (75mM NaOAc, pH
5.6, 1% Glycerol, 1mM DTT). Fractions were collected from the trace shown on the
FPLC. Each peak was checked for protein presence on SDS-PAGE, and the protein
concentration was measured through A280 using the Nanodrop microvolume

spectrophotometer.

M-WT Labeling with =N

=N labelled protein is prepared and purified in the following protocol for a 4 liters growth.
Necessary glassware and 4L filtered DI water were autoclaved and cooled down to room

temperature. Reagents were added to the DI water in order to prepare the Minimal Media (MM)
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in following amount: 8.0 g AmSO.(Fisher Chemical), 26.8g Na,PO4(Fisher Chemical), 12.0g
KH.PO.(CALBIOCHEM), 6.0g NaCl (Fisher Chemical), 6.0g D-glucose (Cambridge Isotope
Laboratories), 400 10mM FeCl. (Sigma-Aldrich), 400 1M CaCl.(Spectrum), 400 10mM ZnCl,
(Sigma-Aldrich), 2mL 1M MgSO. (Fischer Chemical), and 40mL Vitamin E (Sigma). The solution
was verified to be pH around 7 and then was sterile filtered. The growth was started by 100 mL
Minimal Media overnight per 2L growth with 50mg/mL Kanamycin as antibiotics. 100 mL MM
overnights were transferred to the 2L flasks as the MM turned opaque. Sufficient amount of cell
stock was suggested to start in order to reach optimal growth results. Isotopically labelled
protein expression induced by IPTG (Teknova) at OD., reached 0.500-0.700 at room
temperature for 16-18 hours at 25. Cell pellets were collected by centrifugation at 3000 rpm for
30 minutes using Beckman-JLA 8.1 (Beckman Coulter), and then resuspended in 1x Lysis
buffer (50 mM NaPO4pH 8, 300 mM NaCl, 5 mM B-ME). The soluble protein was then extracted
by Sonic Dismembrator (Fisher Scientific) for 25 minutes on ice (10 seconds on and 15 seconds
off) and collected by centrifuging the lysate at 13000 rpm for 30 minutes using Beckman-JA
14.5 (Beckman Coulter). Labeled M-WT protein was purified using the same method as
unlabeled M-WT protein. The first run of purification was done using Ni-NTA column
chromatography (QIAGEN), with 1x washing buffer (50mM NaPO4 pH8, 300 mM NaCl, 5 mM
BME, 10 mM Imidazole) and 1x elution buffer (150 mM Na-Acetate pH 5.6, 600 mM NaCl, 10
mM BME, 300 mM Imidazole). Fractions obtained from Ni-NTA column chromatography and
protein expression were analyzed by SDS-PAGE. The purified M-WT was concentrated to about
10 mL and was further purified by size exclusion column chromatography on FPLC (Bio-Rad)
with 1x SE buffer (75 mM NaOAc pH 5.6, 1% glycerol). The A280 peaks were analyzed for
protein existence and purity by SDS-PAGE. 1x SE buffer was then switched to isotopically
labelled SE buffer (75mM NaOAc-d3, pH 5.6, 1% Glycerol) by PD-10 desalting column (GE

Healthcare) using gravity protocol. The final protein concentration was measured using the ND-
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1000 Nanodrop Spectrophotometer. The sample was concentrated to approximately 8 mg/mL

and stored at 4°C.

Fluorescence Spectroscopy Experiment

Protein fluorescence spectroscopy experiment of M-WT and T-WT was obtained through
FluoroMax-4 spectroscopy (HORIBA). The emission spectrum of M-WT was obtained by
excitation of the tryptophan fluorophore at 295 nm with slit width 3nm and collecting the
emission signal of tryptophan residue from 280 nm to 450 nm. The emission spectrum of T-WT
was obtained by excitation of the tyrosine fluorophore at 275 nm, with slit width 5nm, and
collecting the emission signal of tyrosine from 265 nm to 450 nm. Both native state and unfolded
processes of the proteins were generated by denaturant incubation and were reflected through

the emission spectrum within different time frames using the same methods.

Unfolding Emission Spectrum of M-WT

Six samples from size exclusion column chromatography that have been analyzed for the
existence and purity from SDS-PAGE were concentrated to at least 0.30 mg/mL to do the
fluorescence experiment. Concentrated M-WT samples were incubated in 0.5M guanidine
hydrochloride denaturation buffer (0.5M guanidine hydrochloride, 75mM NaOAc, pH 5.6, 1%
Glycerol) and 1.5M guanidine hydrochloride (Alfa Aesar) denaturation buffer (1.5M guanidine
hydrochloride, 75mM NaOAc, pH 5.6, 1% Glycerol), and incubated at room temperature for 1
day, 5 days and 11 days. The emission spectrum of the native and unfolded protein was
obtained using Fluoromax-4 Spectrophotometer (HORIBA). Protein samples were loaded in the
200 L cylindrical cuvette and excited at 295 nm with slit width 3nm. The emission wavelength

signal was collected with the range from 280 nm to 450 nm, with a slit width 3 nm. The emission
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spectrum data were calibrated by running the same emission spectra using the buffer and
denaturant that protein samples are stored and incubated. The emission spectra signals of the

protein were subtracted by the signals of the buffer to minimize the effects of the environment.

Unfolding Kinetics of M-WT

The unfolding process of M-WT is initiated by preparing the protein samples with a 6.0M Ultra
pure Urea (VWR Life Science) denaturation buffer stock (6.0M Urea, 75mM NaOAc, pH 5.6, 1%
Glycerol) to desired denaturant concentration. To check whether the protein is able to be
unfolded in the 3.5M Urea denaturation buffer, emission spectra of unfolded protein using
Fluoromax-4 Spectrophotometer (HORIBA) were obtained to see the emission maximum
wavelength shift using the same method as the previous section of unfolding emission spectrum
of M-WT (excitation at 295 nm, slit width 3nm, emission from 280 nm to 450 nm). The unfolding
process in the timescale perspective was monitored using the kinetics measurements on the
Fluoromax-4 Spectrophotometer (HORIBA). In order to capture the initial unfolding process,
6.0M denaturant buffer stock was added to the native protein samples in a 200 L cylindrical
cuvette right after the kinetics experiment was initiated (excitation at 295 nm). The intensity of
emission signal (S1) was collected in a 10 seconds time interval for a total of 6000 seconds, and
the emission detector signal was corrected by reference quantum counter signal (R1) using
S1/R1 correction. The processed data is able to be captured in FluorEssence ™ software on the

PC connected to the Fluoromax-4 spectrophotometer (HORIBA).

Unfolding Emission Spectrum of T-WT

Five samples from size exclusion column chromatography were concentrated to at least 0.3

mg/mL in order to obtain an appropriate protein fluorescence signal. The protein samples are
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incubated in 3.2 M Guanidine denaturation buffer (3.2M guanidine hydrochloride, 75mM NaOAc,
pH 5.6, 1% Glycerol, 1mM DTT) and 4.0M Guanidine denaturation buffer (4.0M guanidine
hydrochloride, 75mM NaOAc, pH 5.6, 1% Glycerol, 1mM DTT) for 1 day, 5 days and 11 days.
The emission spectrum of the native and unfolded protein was obtained using the Fluoromax-4
Spectrophotometer (HORIBA). Protein samples were loaded in the 200 L cylindrical cuvette and
excited at 275 nm with slit width 5nm to trace the tyrosine signal. The emission wavelength
signal was collected with the range from 265 nm to 450 nm, with a slit width 5 nm. The emission
spectrum data were calibrated by running the same emission spectra using the buffer and
denaturant that protein samples are stored and incubated. The emission spectra signals of the

protein were subtracted by the signal of the buffer to minimize the effects of the environment.

Guanidine Hydrochloride Unfolding Experiment

In this experiment, the unfolding process of the protein was monitored by Fluoromax-4
Spectrophotometer (HORIBA) in different concentrations of guanidine denaturation buffer. The
7M guanidine hydrochloride denaturation buffer was prepared as a stock solution and was
diluted in different titrations from 0.0 M to 6.0 M in the protein samples with consistent
concentration and the SE buffer. The samples were incubated in the guanidine hydrochloride
denaturation buffer for 7 days and 14 days at room temperature, and the emission spectrum of
the samples with different titrations of denaturant were obtained by tracing the tyrosine signal
(excitation: 275 nm; emission: 265 nm to 450 nm; slit width: 5 nm). Same as the previous
fluorescence experiment protocol, the emission spectra signals were calibrated by the

corresponding buffer that the protein samples are in.
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NMR Experiment of M-WT

The NMR experiment of M-WT was done through the 4-channel, z-gradient Bucker Avance 600
with 5 mm triple-resonance indirect Cryoprobe. °N isotopically labeled M-WT were prepared in
the following states: native M-WT, and M-WT incubated in 7.0M Urea denaturation buffer.
550uL native M-WT samples in isotopically labelled SE buffer were prepared by adding 50uL
D,0O (Cambridge Isotope Laboratories) to make the final volume 600uL. The two-dimensional
1H-15N heteronuclear single quantum coherence (HSQC) spectrum was obtained at the

temperature of 305K.
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