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Abstract of the Dissertation 

 

Why Knot? Studies Into the Knot of a Minimal Tied Trefoil 

 

by 

 

David Joseph Burban 

 

Doctor of Philosophy in Chemistry 

 

University of California, San Diego, 2017 

 

Professor Patricia Jennings, Chair 

   

 The Minimal Tied Trefoil from Thermotoga maritima (MTTTm) 

represents an ideal system for investigating knots in proteins. It is one of the 

smallest knotted proteins to contain a deep trefoil knot, and one of the 
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smallest SPOUT methyltransferases. To date, however, little has been 

accomplished on this system probing into the knots purpose in the protein. 

The work presented here characterizes the role of the knot in MTTTm. There 

are two main facets for understanding the knot: its role in the native state, 

and its role in the denatured state. To probe these, the work following uses 

a myriad of biophysical techniques to further understand the knots role in 

both states. These experiments show that in the native state the knot helps 

to tether down what was expected to be a flexible loop, which if flexible 

would impact binding. As well, there exist a series of hydrophobic 

contacts beneath the knot that are critical for allostery, and would be 

disrupted if the knot were not there. In the denatured state, there appears 

to be a linkage between the knot and critical packing residues that would 

complicate refolding in vivo, but the knot helps to maintain those 

contacts to allow for easier refolding. The studies here give us more 

information on why the knot exists in MTTTm, and help us to further 

understand the role of knots in proteins as a whole.  
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Chapter 1: General Introduction  
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1.1 Knots in the microscopic world 

 Since the discovery that all of life is dictated by the structure and 

reactions of long polymer chains, we have made a concerted effort to 

learn more and more about these macromolecules(1–3). It was this drive 

that lead to the foundation of structural biology, which advanced 

technology to increase our abilities to investigate these molecules at a 

higher and higher resolution (4–6). In these investigations, it was 

discovered that some of these long macromolecules could tie themselves 

into knots (7,8). 

 This phenomenon was first observed in DNA, where it was 

discovered that long stretches of plasmid DNA would often tie themselves 

into complex knotted structures, referred to as supercoiled DNA (Figure 1-

1). For DNA it was discovered that this supercoiling came out of necessity, 

as these large macromolecules would take up far too much space in cells 

if they were fully elongated, so nature found an elegant solution in the 

form of topoisomerases (9,10). 

 When DNA is in a supercoiled conformation, where it takes up 

minimal space when in the cell, it is unable to be accessed by other 

enzymes to carry out replication or RNA synthesis. So in order to access 

DNA, topoisomerases are designed either add or remove knots from DNA.  
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Figure 1-1: Supercoiling in DNA.  

An example of supercoild DNA adapted from Fulcrand, G. et al. 

Highlighted are the areas of superoiled DNA, bottom, where there is 

heavy compaction to minimize space, and uncoiled sections, top, where 

the DNA is accessible to the machinery of the cell (11).  
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When DNA needs be accessed, either to allow for gene expression or 

replication, a topoisomerase comes to help relieve the supercoiled DNA, 

allowing access to it . Upon completion of its task, for example 

transcribing DNA to mRNA for gene expression, the DNA chain is then 

wound back up by another topoisomerase, so that it goes back to its 

much smaller supercoiled structure (12,13). 

 With the discovery of highly knotted structures in DNA, there arose 

another question: do knots exist elsewhere in the microscopic world? 

Unlike DNA, where there is this observed mechanism for forming and 

removing knots that is critical for proper function, proteins and RNA do not 

have such a mechanism. So if knots did exist, how would they arise in 

these other macromolecules?  

1.2 How do we identify knots? 

 With the finding of knots in DNA, it became prudent to address how 

we might define knots in a macromolecule. With an accepted definition, 

it would be easier to analyze other complex polymers to determine 

whether or not they contained a knot. For plasmid DNA, it was easy to use 

the topological definition of a knot: where if you have a closed loop, the 

loop crosses over itself, and after infinite deformation the crossover points 

cannot be removed without breaking the loop, then it is knotted (Figure 1- 
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Figure 1-2: Knots in DNA.  

An example of plasmid DNA that has been pulled apart to reveal the knot 

in the structure, with the crossover points emphasized to show the knot. 

Adapted from Krasnow, M. A. et al. (14).  
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2) (15). This definition works well for plasmid DNA because it is circularized, 

but other macromolecules, such as proteins, RNA, and non-plasmid DNA, 

are not, making the use of this definition problematic. 

 To resolve this, a computational approach has been taken in order 

to apply the topological definition of a knot to open chain 

macromolecules. In order to do this, we take advantage of the fact that 

termini of many macromolecules are charged and typically solvent 

exposed. Then the macromolecule of interest is encapsulated in a sphere, 

and a line is drawn from each termini to the sphere. A line is then drawn, 

connecting the lines that are projected from the termini of the 

macromolecule. This creates a closed chain where the topological 

definition for a knot can now be applied to an open chain 

macromolecule (Figure 1-3) (16). 

1.3 Knots in proteins 

 With the finding of knots in DNA the next question was whether or 

not they could be found in proteins. In principal, as a chain increases in its 

length, the probability that it would be knotted should also increase 

(17,18). This is true for any length of chain, but for proteins there was a 

distinct lack of knotted structures for most of the history of structural 

biology. 
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Figure 1-3: Example of finding a knot in an open chain molecule.  

To determine whether or not an open chain molecule, such as a protein, 

contains a knot first it is encapsulated in a sphere (blue). Then lines are 

drawn from the termini of the molecule out to the sphere, and connected 

by another line along the sphere (red). The now circularized molecule is 

then deformed, to remove all secondary and tertiary structure. If after 

infinite deformation, a circle is formed where there are crossing points, 

and those cannot be removed without breaking the now closed chain, 

then the molecule is knotted (Top). If, however, a circle is achieved where 

there are no crossing points, then the molecule is unknotted (Bottom).   
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 This lead to the initial belief that knots in proteins would be primarily 

be caused by modifications to the molecule after it had folded. These 

would usually be in the form of disulfide or metal bonds forming in the 

polymer chain, which would induce a crossover point that would form a 

knotted topology (19–21). It was thought that knots formed by the 

backbone, where the protein folds itself to induce a knotted topology, 

would be rare, small, and simple (22,23).  

 This thinking appeared to be supported, when the he first proteins 

with knotted backbones were discovered. These knots were quite shallow, 

with only a few amino acids at the termini popping through a loop 

(22,24,25). This reinforced the initial hypothesis that backbone knots in 

proteins would likely be shallow and simple, and that more complicated 

knots would be occluded by efficient folding pathways (23,26). This 

conclusion, however, was proved false when the first deeply knotted 

protein was discovered. 

 The first deeply knotted protein discovered was acetohydroxy acid 

iromeroreductase. What made this protein unique was that it formed a 

backbone knot was a full 70 residues deep from the c-terminus, far 

deeper than the previously observed backbone knotted proteins. The 

knot itself was also more complex, as it consisted of 4 crossover points 
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versus 3 crossover points, which is the minimum number of crossover points 

needed to form a knot (27). It was this discovery that showed that deep 

knots formed in the backbone were not only possible, but could also be 

quite complex in their nature. 

 This discovery lead to a whole myriad of questions about backbone 

knotted proteins:  How do they fold? What is their purpose? How did they 

come to be? Due to the nature of proteins, where they fold up into a 

small globule after being translated, it didn't make sense that their knots 

would satisfy a similar role to knots in DNA. This necessitated studying of 

these knotted topologies further, and the field of knotted protein study 

was born (28–30). 

 It has been 17 years since the discovery of the first deeply 

backbone knotted protein, and many studies looking to probe further into 

the fundamental questions of protein knots have been accomplished. It 

has been found that knots can be introduced into proteins to induce 

thermal stability (31); that in order to fold properly there is a requisite 

intermediate step where a knotting loop forms, and then the backbone is 

threaded through (29); and that knots can be found in a diverse set of 

protein folds, enzyme classes, and organisms (30,32). 
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 In order to add more to our growing knowledge of knots in proteins, 

we have been studying the Minimal Tied Trefoil from Thermotoga 

maritima, MTTTm (33). This protein is a methyltransferase from the SPOUT 

family, which is a diverse family of proteins found across all walks of life 

with a defining family fold of a 5-strand -sheet sandwiched between 2 -

helices on one side and 3 -helices on the other, and a c-terminal trefoil 

knot 30-40 residues deep (Figure 1-4) (30,34). The SPOUT family is quite 

diverse in its structure, with many proteins having extra secondary 

structural elements or entire other domains, but the MTT class is unique 

because these proteins consist only of the defining family fold (Figure 1-5) 

(33). This makes them an ideal model system for further study, as they are 

some of the simplest deeply knotted proteins, and MTTTm is an ideal MTT 

because it is also one of the smallest. 

 The goal of this work was to gain further insights into why knots exist 

in proteins. To assess this, we have looked at the knot in two states: the 

native and denatured state. We wanted to look and see if we could find 

any unique purpose for the knot to exist, that might not happen if the knot 

was not there. To do this we did a combination of folding, Nuclear 

Magnetic Resonance, optical spectroscopies, and binding assays to 

further investigate the role of the knot in MTTTm. 
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Figure 1-4: Diagram of SPOUT/MTT  methyltransferases. 

Schematic of the defining fold of the SPOUT family, and of the MTT 

subfamily. It consists of a 5 b-strand sheet sandwiched between 2 a-

helices on one side, and 3 on the other. A knot loop (blue) is formed 

between b-strand 3 and a-helix 3, which b-strand 5 (orange) can thread 

through forming the knot.  
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Figure 1-5: Diagram of TrmD structure. 

Schematic of the TrmD subfamily, showing the extraneous structure that 

can occur in SPOUT proteins. The defining SPOUT fold is boxed, and the 

knot region is colored in the same way as the Figure 1-4.  
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2.1 Abstract 

 The SPOUT family of methyltransferase proteins is noted for 

containing a deep trefoil knot in their defining backbone fold. This unique 

fold is of high interest for furthering the understanding of knots in proteins. 

Here, we report the 1H, 13C, 15N assignments for MTTTm, a canonical 

member of the SPOUT family. This protein is unique, as it is one of the 

smallest members of the family, making it an ideal system for probing the 

unique properties of the knot. Our present work represents the foundation 

for further studies into the unique topology of MTTTm, and understanding 

how its structure affects both its folding and function. 

2.2 Biological Context 

In the last 15 years, the number of knotted protein structures 

discovered has increased at an astounding rate (1–4). This explosion of 

natively knotted proteins has lead to a myriad of questions: Why does 

such a complex topology exist? What is the purpose of knotting in 

proteins? How do proteins fold productively into a knotted state? (2) 

To further our understanding of these topologically interesting 

proteins, experimentalists have focused primarily on the SPOUT family of 

methyltransferases, the largest enzyme class to contain a deep backbone 
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knot (5–10). Specifically, the SPOUT family is defined by a Rossman family 

fold characterized by a central -sheet sandwiched between sets of -

helices packed on each side.  Unlike other Rossman folds, the SPOUT 

family contains a trefoil knot approximately 30-40 residues deep from the 

C-Terminus. SPOUT proteins exist in all branches of life, and are responsible 

for modifying RNA in organisms ranging from complex life forms like 

humans, to simpler life forms such as  Thermotoga maritima. The 

complexity of these proteins is also quite diverse, from large multidomain 

varieties, to smaller proteins comprising only of the defining family fold (9).  

Here, we investigate the  Minimal Tied Trefoil (MTT) SPOUT sub-family, 

which is of particular interest for investigating the knotted protein 

landscape (11). The MTT from Thermotoga maritima (MTTTm) is one of the 

smallest SPOUT methyltransferases, making it an ideal system to gain 

further information on knotted proteins compared to previous studies 

(12,13). This protein undergoes a complex trajectory to both the  native 

and unfolded states, as it exhibits the phenomenon of hysteresis (6,11,14). 

To gain amino acid specific insights into the regions associated with knot 

folding, functional control as well as the atypical backbone knot topology 

of MTTTm,  we establish the 1H, 13C, 15N backbone resonance assignments  

by solution NMR for the fully folded MTT. 
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2.3 Methods and experiments 

2.3.1 Expression and purification of MTTTm   

 Bacteria containing a plasmid encoding the gene coding for MTTTm 

(BL21-DE3 Escherichia Coli) were grown at 37 ˚C to an OD of 0.6-0.8 and 

protein expression was induced by addition of 500 M IPTG and protein 

production achieved with further growth at 30 oC for 6 hours. 15N and 13C 

labeled MTTTm was expressed in minimal medium using 15N NH4Cl and 13C 

d-glucose as the sole source of nitrogen and carbon, respectively. Cells 

were harvested by centrifugation, resuspended in pH 7.0 Na-Phosphate, 

lysed by sonication, and the protein purified first by by Ni-Affinity 

chromatography followed by gel filtration on an S-200 sepharose column, 

as described previously (11). Protein purity was assessed by SDS-PAGE. 

2.3.2 NMR Data Collection and Assignments 

 NMR spectra were collected using a  350 M MTTTm protein sample 

in buffer containing 75 mM Na-Acetate, 1% (v/v) glycerol, 16.6% (v/v) D2O 

and 10 mM -mercaptoethanol at pH 5.6  at 323 K. Data were collected 

on a Varian VNMRS 800 MHz spectrometer equipped with a triple-

resonance cryoprobe. 1H-15N HSQC and standard gradient-enhanced 

triple resonance experiments, including HNCA, HNCACB, CBCA(CO)NH, 
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HNCO, and HN(CA)CO (15), were collected for assignments and 

structural information purposes. {1H}-15N-heteronuclear NOE experiments 

were run in duplicate and in an interleaved fashion with presaturated and 

unsaturated experiments (16). All spectra collected were analyzed using 

NMRPipe and Sparky software packages (17,18). Secondary structure 

predictions were accomplished using the TalosN webserver (19). 

2.4 Assignments and data deposition 

 The 1H-15N HSQC of MTTTm is given in Figure 2-1, which shows 145 out 

of the possible 154 non-proline peaks of MTTTm. We report 94.2% of the 1H-

15N  backbone, 97.4% of the C, 93.7% of the C, and 96.2% of the CO 

resonance assignments, excluding the C-terminal 6-His tag. The chemical 

shift data has been deposited in the Biological Magnetic Resonance Data 

Bank under the accession number 26932. 

 This information provides a blueprint for further investigations related 

to the unique backbone topology, folding mechanism and functional 

contributions of the knot. Importantly, we have identified critical 

assignment information on the knotted region of MTTTm. This encompasses 

residues located in the knotting loop, residues 64-94, and the knotting 

thread, residues 114-119. Of particular interest is V66, which exhibits an 

unusual chemical shift at 11.11 1H (ppm) and 133.8 15N (ppm), making it  
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Figure 2-1:   1H-15N HSQC Spectrum of Uniformly 15N-labeled MTTTm.  

The backbone resonance peaks are labeled with the corresponding 

sequence number and respective one letter codes for each amino acid. 

In the top left is the crystal structure of MTTTm colored to emphasize the 

knotted region, Blue for the knot loop and Orange for the threading -

Strand, and highlight residue V66 which has an unusual chemical shift, 

shown as a sphere. Residues corresponding the knotted region in the 

HSQC are colored accordingly.  
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quite distinct from the rest of the spectrum. This type of shift is typically 

characteristic of the tryptophan side chain, but there are no tryptophan 

residues in MTTTm. While this is an unusual chemical shift for a valine, which 

traditionally is found around 7.3-9.3 1H (ppm) and 116.3-128.3 15N (ppm), it 

indicates that V66 is in an unusual chemical environment (20). We 

attribute the unusual shift to the location of V66 at the beginning of the 

knot loop and its direct interactions with the initiation of the knot thread 

(Figure 2-1).  

Our secondary structure predictions (Figure 2-2) agree well with that 

observed in the crystal structure of MTTTm (PDB code 1O6D, Badger et al. 

2005). However, there are two interesting observations gleaned from the 

data (21). The first is a pseudo -strand, consisting of residues 75-76, 

located in the middle of the knot loop (Figure 2-2). These residues appear 

to be interacting with the threading -strand 5 (shown in orange, Figure 2-

1), and may indicate the importance of the pseudo strand holding the 

knot in place by these interactions, possibly to help maintain structural 

integrity as well as facilitate ligand binding. This finding, combined with the 

distinct resonance of V66, highlights a fingerprint for the knot in MTTTm, that 

will allow facile monitoring the knotted region as well as effects on this 

unique topology upon perturbation. The second observation is that  - 
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Figure 2-2: Secondary Structure Analysis of MTTTm.  

Sequence dependence of the secondary structure probability per residue 

as assessed by the change in chemical shift from random coil values using 

the TalosN web server (19). The * is included to highlight residues 75-76 

(bottom), and their pseudo -strand character. The secondary structure 

diagram (Top) represents the secondary structure of MTTTm based off of 

the crystal structure (PDB code 1O6D). 
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helix 4 consists only of residues 107-111, making it effectively a single 

helical turn as opposed to the larger structural element evident in the 

crystal structure, which shows it consisting of residues 106-113, Figure 2-2 

(21). This observation may indicate that the purpose of this helix is less for 

stability, and more as a specific backbone arrangement to allow for the 

placement of the threading -strand 5 into the proper position for knot 

formation. This observation of the minimal structure of -helix 4 is also 

reflected in the {1H}-15N heteronuclear NOE studies, which indicate 

increased dynamics compared to the other helices in MTTTm, Figure 2-3. 

Overall MTTTm is a very rigid protein, showing only two regions of flexibility 

with NOE values <0.7 in the main chain, residues 9-12 and 41-44 shown in 

Figure 2-3. These regions of flexibility correspond with unstructured regions 

of the protein, as seen with the secondary structure prediction, and given 

the overall high rigidity of MTTTm are likely important to function, Figure 2-3. 

 Chapter 2, in full, is a reprint of material as it appears in "Backbone 

assignments for the SPOUT methyltransferase MTTTm, a knotted protein from 

Themotoga maritima" Burban, David J; Jennings, Patricia A which has 

been accepted to Biomolecular NMR Assignments for publication. The 

dissertation author was the primary author/investigator of this paper.  
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Figure 2-3:  {1H}-15N-heteronuclear NOE Analysis of MTTTm.  

Sequence dependence of the {1H}-15N-heteronuclear NOE values per 

residue. Overall the backbone of MTTTm is very rigid, with the exception of 

the linkers between -strand 1 to -helix 2 and -strand 2 to -helix 2. The 

secondary structure diagram (bottom) represents the secondary structure 

of MTTTm based off of the crystal structure (PDB code 1O6D).  
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Chapter 3: Solution studies on the knot of 

MTTTm 
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3.1 Introduction 

 Understanding the role of knots in deeply knotted proteins has been 

a fundamental question since their discovery almost 20 years ago (1). A 

number of theories about protein knots have been put forth: Do they add 

structural stability? Help prevent degradation? Are they required for 

proper function (1–4)? 

 Studies to date have looked primarily at the SPOUT family of 

methyltransferases (mtases) to gain more insight into the role of the knot 

(2,5,6). This family has been studied because of its unique defining fold of 

a 5 strand parallel -sheet sandwiched between 3 -helices on one side 

and 2 on the other, and a c-terminal trefoil knot 30-40 residues deep 

(Figure 3-1). Studies investigating the knot have largely focused on tRNA 

modifying SPOUT mtases, and have made important insights into our 

understanding of knots in proteins; including the effects of knot flexibility 

on ligand binding, and how these proteins can signal to their tRNA 

substrates (7–9). 

 Here  we have elected to study the Minimal Tied Trefoil from 

Thermotoga maritima, MTTTm, a member of the MTT subfamily, which is a 

class of SPOUT mtases named so because their topology consists only of 

the defining family fold (10). This class of mtases is responsible for  
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Figure 3-1: Schematic of MTT subfamily fold. 

Diagram of the defining fold of the MTT subfamily, with a 5 strand -sheet 

sandwiched between 2 -helices on one side and 3 on the other. The 

knotting region is formed by the knot loop (blue), which is threaded by -

strand 5 (orange) leading to the c-terminal -helix 5.  
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modifications of rRNA, specifically the large ribosomal subunit of the 

ribosome (11,12). MTTTm is an ideal system for probing further into the role 

of knots in proteins, as it is one of the smallest SPOUT mtases (Figure 3-2). 

Previous studies characterizing MTTTm have been accomplished both in 

vitro and in silico, but these studies have been largely focused on 

understanding the folding landscape of the protein (13–15). Here we use 

Nuclear Magnetic Resonance (NMR) to study MTTTm to gain further insights 

on why knots exist in proteins. These studies show how the knot affects the 

native structure of the protein, as well as further our understanding of how 

the knot impacts binding and allostery in MTTTm. These studies shed light 

onto the unique topology of MTTtm at an extremely high resolution, and will 

add to the growing knowledge of the knots role in SPOUT mtases as a 

whole.  

3.2 Materials and Methods 

3.2.1 Expression and purification of MTTTm 

 Uniformly 15N-enriched and 15N,13C-enriched samples of MTTTm were 

grown in BL21-DE3 E. coli cells in M9 minimal media with 99% [15N] 

ammonium chloride and [13C] glucose (Cambridge Isotope Laboratories, 

Tewksbury, MA)  at 37˚C, expressed, harvested, and lysed by sonication. 

The lysate was centrifuged at 15,000g, and the supernatant was run over  
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Figure 3-2: Crystal structure of MTTTm (PDB code 1O6D). 

(A) Viewed from the side to emphasize the knotted region with the 

threading -strand (-strand 5, orange) threading through the knot loop 

(blue). (B) Viewed from the top of the protein, colored same as A.  
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Ni-NTA Agarose resin (Qiagen, Germany) in 50 mM Na-Phosphate and 300 

mM NaCl buffer at pH 7.0. The protein bound resin was washed with 50 

mM Na-Phosphate, 50 mM Imidazole, and 1.0 M NaCl buffer at pH 7.0, 

and then eluted using 50 mM Na-Phosphate, 500 mM Imidazole, and 100 

mM NaCl buffer at pH 7.0. The eluent was then run on a HiPrep 26/60 

Sephacryl S-200 HR column (GE Healthcare Life Sciences, Pittsburgh, PA), 

which was equilibrated with 75 mM Na-Acetate, and 1% Glycerol at pH 

5.6. The protein was collected, and purity was assessed by SDS-PAGE. 

 

3.2.2 NMR Experiments 

 All NMR experiments were accomplished with MTTTm concentrations 

between 325-350 M using buffer containing 75 mM Na-Acetate, 1% 

glycerol, 16.6% D2O, and 10 mM -mercaptoethanol at pH 5.6. Holo 

spectra were used by adding S-Adenosyl-Homocysteine (Sigma-Aldrich, 

St. Louis, MO) to a concentration of 2x the protein concentration (650-700 

uM) to ensure full occupancy. All spectra were obtained at 50o C using 

either a Varian VNMRS 800 MHz magnet equipped with a triple-resonance 

cryoprobe, or a Bruker Avance 600 MHz magnet equipped with a triple-

resonance cryoprobe. 
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 1H-15N HSQC were collected with a total of 128 complex t1 (15N) and 

1024 complex t2 (1H) points. 1H-1H-15N-NOESY-HSQC spectra were 

collected with a total of 128 complex t1 (1H), 256 complex t2 (15N), and 

1024 complex t3 (1H) points, with a mixing time of 100 ms. Assignments for 

holo spectra were accomplished using a standard suite of triple 

resonance experiments consisting of the HNCA, HN(CO)CA, HNCACB, 

and CDCA(CO)NH experiments. All experiments were processed using 

NMRPipe and visualized and assigned using SPARKY (16,17). 

3.2.3 Hydrogen/Deuterium Exchange 

 MTTTm was exchanged into water, and lyophilized. Buffered D2O was 

made using 75 mM Na-Acetate-d3 (Sigma-Aldrich, St. Louis, MO) at pD of 

5.6 dissolved into 99.9% D2O (Cambridge Isotope Laboratories, Tewksbury, 

MA). Buffered D2O and lyophilized protein were incubated at 50o C, then 

the protein was resuspended in the buffered D2O to a final concentration 

of 330 M and put onto a Bruker Avance 600 MHz magnet at 50o C to 

follow exchange over the course of 20 hours. There was a dead time of 15 

minutes between initial mixing and the end of the first experiment. 

Exchange of backbone hydrogen for solvent deuterium was followed by 

a combination of 1H-15N HMQC and 1H-15N HSQC experiments, both run 

with a total of 128 complex t1 (15N) and 1024 complex t2 (1H) points. Each 
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1H-15N HMQC experiment took 216 seconds, and were run for the first 2 

hours to gain more data points at the beginning of the experiment. These 

were followed by 1H-15N HSQC experiments that took 4000 seconds per 

experiment, to follow exchange for the following 16 hours. Each spectra 

was then normalized to a reference spectra, made using the same 

conditions with H2O instead of D2O, and peak decays were followed as a 

function of time and fit using first order kinetics to find the exchange rates 

for each amino acid according to: 

                      (1) 

 Where Ie represents the signal intensity at equilibrium, Io represents 

the signal intensity,  t represents the time of the exchange reaction, and k 

represents the rate of deuterium exchange. These exchange rates (kobs) 

were compared to the intrinsic exchange rates calculated for each 

amino acid (kint), in order to calculate their protection factor using the 

equation: 

                      
    

    
   (2) 

3.2.4 Chemical Shift Perturbations 
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 Changes in the MTTTm spectra upon S-Adenosyl-Homocysteine 

binding was assessed by calculating the chemical shift perturbations 

according to the following equation: 

                       (3) 

 Where  represents the chemical shift perturbation, 1H represents 

the change in the 1H signal, and 15N represents the change in the 15N 

signal. The perturbations were calculated for each residue, and the 

standard deviation of each was found to be 0.336 ppm, which was used 

to be the minimum deviation needed to be considered having an altered 

chemical environment upon S-Adenosyl-Homocysteine binding. 

3.2.5 Molecular Representations 

 All representations of MTTTm were done with PyMOL using PDB 1O6D 

(18,19). The ligand S-Adenosyl-Methionine was modeled into the binding 

site from a structurally homologous MTTSa using PDB 4FAK (11).  

3.3 Results and Discussion 

3.3.1 Hydrogen/Deuterium Exchange 

 Initial NMR studies into the secondary structure of MTTTm showed 

some anomalies between the defined secondary structure and observed 
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secondary structure. Specifically there appeared to be evidence of a 6th 

-strand existing in the knot-loop linker, residues 69-77 between -strand 3 

and -helix 3, in the heart of the knotting region (20). To probe this 

anomaly, and the secondary structure of MTTTm as a whole, 

hydrogen/deuterium exchange experiments were accomplished. 

 Overall the protein showed good coverage by the experiments, as 

we were able to gain information on solvent protection for 119 out of the 

147 residues of MTTTm, which showed data on all secondary structural 

elements of the protein (Figure 3-3). The overall protection was observed 

to be lowest in -helices 2 and 4, which was expected as they are helices 

with little occlusion from water on any side, and the highest protection 

was observed in the -sheet, which was also expected as it is highly 

occluded from solvent (Figure 3-3). There was also high protection 

observed in the linker between -strand 5 and -helix 5, as well as on the 

solvent exposed portion of -helix 5, but these higher areas of solvent 

protection likely occur because of bulky amino acids in these regions that 

occlude water from interacting with the backbone.  

 The most interesting discoveries of these experiments were the 

apparent solvent protection observed in S118 and V76 (Figure 3-4). Given 

the length of the knot-loop linker, it was expected that this region would  
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Figure 3-3: Hydrogen deuterium exchange of MTTTm. 

Protection factors calculated for each residue where red indicates 

residues that exchanged in the dead time of the experiment, orange 

indicates a protection factor between 2.00-3.75, cyan indicates a 

protection factor between 3.75-7.50, and blue indicates residues with 

protection factors greater than 7.50 which were static throughout the 

course of the experiment. White residues were unobservable due to 

spectral overlap.  



41 

 

 

 

 

Figure 3-4: High protection factors for S118 and V76. 

High protection factors observed for residues S118, which was found to be 

static, and V76, which had a slow exchange rate.  
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have low solvent protection, as it was predicted to be flexible. However, 

residue S118, which is located at the end of -strand 5 was observed have 

minimal solvent exchange over the course of the 20 hour H/D experiment. 

Additionally, V76 was shown to have a slow exchange with solvent 

hydrogen (Figure 3-4). Upon further inspection of these residues, we found 

that the most likely cause of these unexpectedly high protection factors 

was because of interactions between -strand 5 and the knot-loop linker 

(Figure 3-5). This indicated that there was a 6th -strand which consisted of 

contacts between residues 116-118, in -strand 5, and residues 74-76, in 

the linker. 

 Interestingly, the crystal structure of MTTTm does seem to indicate 

some -strand like interactions, but specifically between residue E74 in the 

knot-loop linker and V116 and S118 in -strand 5. Initially we had thought 

because of this minimal interaction, that it would be transient, and the 

knot-loop linker would be flexible. Our NMR studies into the secondary 

structure, however, show that the interaction between the knot-loop linker 

and -strand 5 is quite strong, and not as transient as we had believed 

initially. Taking these residues together, we are confident in saying that 

there is a 6th strand in the -sheet of MTTTm, consisting of residues 74-76 in 

the knot-loop linker, that is interacting with residues 116-118 in -strand 5. 



43 

 

 

 

 

Figure 3-5: Contacts that form -strand 6. 

Showing the -strand contacts between -strand 5 and -strand 6. These 

interactions are based off of this exchange data and interactions that are 

shown in the crystal structure 1O6D.  
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3.3.2 Ligand Binding and Chemical Shift Perturbations 

 To compliment the data we found regarding the secondary 

structure of MTTTm we wanted to look at what happened to the protein 

when it interacts with its ligand. To accomplish this, we did NMR studies of 

MTTTm in the presence of S-Adenosyl-L-Homocysteine (SAH), which is the 

product of the mtase reaction of MTTTm. Previous studies have shown that 

SAH binds with a similar affinity to S-Adenosyl-Methionine, the ligand that 

donates the methyl for mtase activity, while also being more stable for 

experimentation (7,11,21–23). Our initial experiments showed that there 

were a number of deviations between the apo and holo spectra of MTTTm, 

which necessitated experiments to assign the holo spectrum (Figure 3-6). 

With the assigned holo MTTTm spectrum accomplished, we were able to 

compare it to the apo spectrum in order to calculate chemical shift 

perturbations upon ligand binding. 

 After calculating the chemical shift perturbations for each residue, 

we were able to calculate the standard deviation of the changes (Figure 

3-7). Any amino acid with a perturbation above the standard deviation, 

calculated to be 0.336 ppm, was considered to have a change in 

magnetic environment to upon ligand binding, these shifts were then 

mapped onto MTTTm (figure 3-8). 
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Fig 3-6: HSQC of MTTTm with and without SAH bound.  

Spectra were collected at 325 M MTTTm for both apo (black) and holo 

(red) spectra. The holo spectrum was collected with 650 M SAH to ensure 

full occupancy of ligand by MTTTm.  
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Figure 3-7: Chemical shift perturbations between apo and holo MTTTm. 

Perturbations were calculated based on how the peaks shifted between 

the apo and holo HSQC spectrum for each amino acid. On top is a 

cartoon of the secondary structure as  function of residue. The dashed line 

represents the standard deviation of the chemical shift perturbations.   
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Figure 3-8: Chemical shift perturbations mapped onto 1O6D. 

Mapping of chemical shift perturbations above the standard deviation 

onto the crystal structure. Most of the perturbations are located near the 

SAH binding sight, but some perturbations are measured in distal regions. 

Specifically E54 and T57 in -helix 2, S77 in -helix 3, and E107 and F110 in 

-helix 4. The coloring and orientations follow the same scheme as figure 

3-2, with S-Adenosyl-Methionine modeled in red.  
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 The majority of changes to the magnetic environment that 

occurred upon SAH binding were either in, or immediately  adjacent to 

the binding pocket. These shifts made sense as the presence of the ligand 

would affect the chemical environment in its immediate surroundings. 

However, there were a number of residues that had an altered magnetic 

environment that were distal from the SAH binding region. These residues 

were found at the bottom of -helix 2, the top of -helix 3, and in -helix 4 

(Figure 3-8). Given how far from the knot these perturbed residues are, it 

made us wonder how ligand binding could be communicating with these 

distal regions. 

3.3.3 1H-1H-15N NOESY HSQCs 

 In order to gain more insight into how these distal residues became 

perturbed, we ran NOESY-HSQCs on MTTTm with and without ligand bound, 

and found that there were a number of changes in the contacts 

centered around F117. This residue is located in the center of the knot 

region, in -strand 5, with its side chain extending below the knot away 

from the binding pocket. In the apo form of MTTTm it shows strong NOEs 

with the residue immediately preceding it, V116 (Figure 3-9), and aromatic 

interactions withF84, which is located in -helix 3 below the knot (Figure 3-

10). 
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Figure 3-9: 1H-1H-15N NOESY HSQC apo MTTTm F117 aliphatic contacts. 

NOESY strips for residues V116, F117, and V76. F117 has NOESY peaks 

corresponding to its i-1 residue, V116, in apo spectra (black lines) and no 

interactions with V76. 
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Figure 3-10: 1H-1H-15N NOESY HSQC apo MTTTm F117 aromatic contacts. 

NOESY strips for F84, F117, and F81. F117 shows NOE values corresponding 

to the aromatic hydrogens in F84 (black line), and no NOE values from 

F81. The lack of F117 NOESY peaks in F84 is attributed to spectral overlap 

with NH pairs in its NOESY strip at similar chemical shifts.  
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 Upon SAH binding, there appears to be a rearrangement of 

contacts, specifically changes near the top of -helix 3 and the end of 

the knot-loop linker, where F117 shows two new sets of contacts. The first is 

from V76, located in -strand 6 in the knot-loop linker, where a peak 

corresponding to a -hydrogen from valine appears in the F117 NOESY 

spectra, and likewise a peak corresponding to a phenylalanine aromatic 

shows up in the V76 NOESY spectra (Figure 3-11). The second is from F81, 

located at the top of -helix 3, where a new aromatic peak in F117 shows 

up that corresponds to an aromatic peak from F81 (Figure 3-12). 

 Taking these two new contacts into consideration, it appears as 

though there is a structural rearrangement at the top of -helix 3, where 

there is a new interaction of F117 with both V76 and F81. These new 

contacts would affect the ability of F117 to move in the native structure, 

and this is what we believe is causing the chemical shift perturbations that 

were previously noted as being distal to the binding of SAH. F117 is 

located near the end of a series of aliphatic residues that travel down -

helix 3 that allow communication with H114, which is located at the 

bottom of -helix 4, and F65, which would allow communication to -helix 

2 through a previously found -like turn (Figure 3-13) (10). 
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Figure 3-11: 1H-1H-15N NOESY HSQC holo MTTTm F117 aliphatic contacts. 

NOESY strips for residues V116, F117, and V76. F117 still has NOESY peaks 

corresponding to V116,  as in the apo spectra (black lines), but now has 

interactions with V76 upon ligand binding (red lines). 
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Figure 3-12: 1H-1H-15N NOESY HSQC holo MTTTm F117 aromatic contacts. 

NOESY strips for F84, F117, and F81. F117 shows NOE values corresponding 

to the aromatic hydrogens in F84 (black line), and gains NOE values from 

F81 (red line). The lack of F117 NOESY peaks in either F84 or F81 is 

attributed to spectral overlap with NH pairs in those NOESY strips at similar 

chemical shifts.  
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Figure 3-13: Structure of MTTTm showing key residues from NOESY data. 

Crystal structure of MTTTm showing residues highlighted in the NOESY strips 

from 3-9 to 3-13. Other residues involved in signal propagation through 

hydrophobic contacts below the knot are circled. Coloring follows the 

same scheme as figure 3-2, with S-Adenosyl-Methionine modeled in red.  
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3.4 Conclusion 

 With this data we believe that we have a clearer picture of the role 

of the knot in MTTTm. For an adequate assessment, it is prudent to 

compare MTTTm to a hypothetical variant of the protein that is unknotted. 

This can be achieved by having -strand 5 pass around the knot-loop 

linker and -helix 3, instead of passing through the loop (figure 3-14). 

Based on our studies, we have found that the knot exists for two specific 

purposes.  

 The first is to tether down the knot loop by forming the -strand 6 

that interacts with the knotting -strand 5. Previous studies on the SPOUT 

mtases have shown that flexibility in the knot loop can occlude ligand 

binding. This is caused by the loop being able to adopt a closed 

conformation, which effectively blocks binding site access (8). In a 

hypothetical unknotted MTTTm, the knot-loop linker would no longer have 

-strand interactions with -strand 5, increasing the flexibility of the loop, as 

it would no longer be tethered down. This would then allow the loop to 

easily access a closed conformation, which would block ligand binding 

and negatively impact the activity of MTTTm.  

 The second purpose for knotting in the native state is to maintain 

the allosteric network of hydrophobic contacts underneath the knot. In  
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Figure 3-14: Knotted MTTTm compared to a hypothetical unknotted variant.  

The knotted version of MTTTm (left) shows the -strand 6 contacts that form 

with threading -strand 5, and F117 as a circle interacting with -helix 3. In 

a hypothetical unknotted version (right) -strand 5 would wrap around the 

knot-loop linker instead of beneath it. In this case the -strand 6 contacts 

would be broken, and the ability of F117 to interact with the aliphatics in 

-helix 3 would be impaired.  
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the unknotted MTTTm, the contacts that help exclude water from 

interacting with F117 would be on the inside of the protein, making the 

residue significantly more solvent exposed and disrupting the hydrophobic 

network beneath the knot. With this network disrupted, it would likely 

impact the ability of MTTTm to properly communicate to distal regions 

upon ligand binding, and negatively impact the function of the protein. 

 With this data we believe that we have shed more light onto why 

knots exist in knotted proteins. We believe that in the case of MTTTm  the 

knot is necessary for efficient mtase activity, as a lack of knot would likely 

lead to lower ligand binding efficiency and the disruption of critical 

allosteric communication. Future studies will delve into functional studies 

of MTTTm, further NMR studies of this newly discovered allosteric network, 

and whether or not what we have found here can be extrapolated to 

other MTT SPOUT mtases, and to SPOUT mtases as a whole. 

 Chapter 3, in part, is being prepared for submission as "Solution 

studies on the knot of MTTTm" Burban, David J; Jennings, Patricia A for 

submission for publication. The dissertation author was the primary 

author/investigator of this paper. 
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Chapter 4: Heterogeneous side chain 

conformation highlights a network of 

interactions implicated in hysteresis of the 

knotted protein, Minimal Tied Trefoil (MTTTm) 
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4.1 Abstract  

 Hysteresis is a signature for a bistability in the native landscape of a 

protein with significant transition state barriers for the interconversion of 

stable species.  Large global stability, as in GFP, contributes to the 

observation of this rare hysteretic phenomenon in folding. The signature 

for such behavior is non-coincidence in the unfolding and refolding 

transitions, despite waiting significantly longer than the time necessary for 

complete denaturation. Our work indicates that hysteresis in the knotted 

protein, the Minimal Tied Trefoil from Thermotoga maritima (MTTTm), is 

mediated by a network of side chain interactions within a tightly packed 

core. These initially identified interactions include proline 62 from a tight -

like turn, phenylalanine 65 at the beginning of the knotting loop, and 

histidine 114 that initiates the threading element. It is this tightly packed 

region and the knotting element that we propose is disrupted with 

prolonged incubation in the denatured state, and is involved in the 

observed hysteresis. Interestingly, the disruption is not linked to backbone 

interactions, but rather to the packing of side chains in this critical region. 

4.2 Introduction 

 Hysteresis is a generally observed phenomenon across many 

systems in which the output is a function of not only the current input, but 
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also of the function of the history of inputs to the system. The 

consequence of hysteresis can present itself in a number of ways across a 

broad range of models that can be presented physically and 

mathematically. In biology, for example, it is observed in activated T-cells 

with increased plasticity of their response as the threshold for their 

activation is lowered (1). With respect to proteins, hysteresis can be a 

signature of biphasic behavior or an apparent non-equilibrium behavior in 

the native state where the energetic barrier is large enough to distinguish 

two native conformations (2-6). This behavior can be attributed to the 

varying populations of folded states depending on where you are on the 

dual basin hysteretic energy landscape of Green Fluorescent Protein 

(GFP) (7, 8). Hysteresis in the folding of GFP (7-9) is mediated by the 

coupling of a proline-locking mechanism that alters the packing of the 

central functional chromophore. The dynamic lag manifests itself as a 

non-coincidence in the denaturing and refolding “thermodynamic” 

titrations, after the protein has been denatured for an extended period of 

time (7). While knots in proteins are an active area of research, the 

question of hysteresis and knotting is largely unexplored.  

 Hysteresis in the knotted protein, Minimal Tied Trefoil from 

Thermotoga maritima (MTTTm, PDB code 1O6D), was predicted and 



64 

 

  

 

confirmed for this highly stable knotted protein because of the complex 

topology and high stability of the protein (10, 11). Originally knots were 

studied in biomolecules, such as nucleic acids and DNA, which are known 

to be flexible and can diffuse along the polymer chain (12-14). However, 

due to increased complexity inherent in a polypeptide chain, the same 

theory of flexibility and diffusion is not directly translatable to proteins (12). 

Due to the conformational restriction in a knotted protein, the geometric 

constraints can introduce a variety of other complex structural 

consequences. Simulations indicate an uncoupling of folding from 

untying; that is, the protein unties on timescales significantly longer than 

required for unfolding (10). In the current study, we use a combination of 

optical and solution Nuclear Magnetic Resonance (NMR) spectroscopies 

to elucidate differences in the refolded hysteretic protein from the native, 

under conditions strongly favoring the native state. Furthermore, we 

highlight molecular interactions we attribute to hysteresis, using 1H-1H-15N-

NOESY-HSQCs to further visualize the side chain packing in relation to the 

knot topology. Our results indicate a noticeable switch in the knotting 

loop where a pronounced difference in the environment for initiating 

residue F65 is observed. In line with theoretical data (10), we find that the 

packing of the of the -like turn with the phenylalanine-histidine pair in the 

knot element precludes true equilibrium, contributing to hysteresis in MTTTm. 
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Our results indicate that the interactions that hinder reversible folding are 

side chain mediated for knot proteins. Consistent with simulations, early 

formation of this -like turn requires backtracking, a localized unfolding 

event needed to allow folding to proceed, as the turn may be in the 

wrong orientation for proper formation of the knot. Here, we provide the 

initial experimental evidence supporting theoretical suggestions (11) of 

non-native interactions of the -like turn.  

4.3 Results and Discussion 

4.3.1 The structure of MTTTm.   

 MTTTm is identified as a member of the SPOUT family of 

methyltransferases, containing a five stranded -sheet sandwiched 

between two -helices on one side and three -helices on the other (15-

17) (Figure 4-1). The most distinct feature of the SPOUT family is the 

topologically unique deep C-terminal knot, classified as a 31 knot (trefoil 

knot). This represents the simplest possible knot found within protein 

structures, defined by a single loop threaded once by the backbone, 

where the chain crosses itself no more than three times (18). The knot loop 

in MTTTm is formed by -strand 3 and -helix 3 and is subsequently 

threaded by -strand 5 (Figure 4-2). The knotting loop region is anchored  
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Figure 4-1: Schematic of MTT fold. 

Diagram of the Minimal Tied Trefoil (MTT) subfamily fold. The diagram is 

colored to emphasize the knot with the threading β-strand (β-5, orange) 

threading through the knot loop (blue).  
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Figure 4-2: Crystal structure of MTTTm. 

(A) Viewed from the side, the protein is represented as a cartoon 

emphasizing the knot, colored same as Figure 4-1. (B) Same as A, viewed 

from the top of the protein.  
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by residue F65 through D92 (Figure 4-2, blue), while the threading -strand 

(Figure 4-2, orange) encompasses residue H114 through L119.   

 Structural details of MTTTm indicate that there are unique features in 

the loop connecting -strand 3 and -helix 2. This tight loop resembles a -

turn, as it is a short loop in a restricted conformation. Prototypically, -turns 

consist of four critically packed residues (labeled i, i+1, i+2, and i+3) and 

are defined by either having an inter-backbone hydrogen bond between 

the CO of residue i and the NH of residue i+3, or a distance of less than 7 Å 

between the C atoms of residue i and i+3 (19). In the case of MTTTm, the 

packing of the -like turn is mediated by a hydrogen bond between the 

CO of L61 and the OH of S64, contributing to the restricted conformation 

of the turn (Figure 4-7). The trans-proline and glycine (P62 and G63) in 

between residues L61 and S64 orient them into a position that allows them 

to hydrogen bond forming a -like turn (19). This creates a critical network 

of contacts that stabilizes the native state.  

4.3.2 Characterization of hysteresis in MTTTm.   

 MTTTm has been observed to undergo the unique phenomenon of 

hysteresis, which is dependent on the time scales allowed for denaturing. 

The hysteretic behavior of MTTTm is most clearly evident by evaluating 

thermodynamic titrations in denaturant (10). To further investigate the 
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molecular details of hysteresis, we expanded upon previous work by 

evaluating the influence of incubation time in denaturant with 

spectroscopic methods, including residue specific details by NMR. The 

subsequent thermodynamic effects of the varied incubation times were 

evaluated under NMR conditions. MTTTm was incubated for 24 hours before 

refolding, a significantly longer time than ten times the t1/2-value obtained 

from kinetics. From these denaturing conditions, we obtain two 

superimposable titration curves for unfolding and refolding (Figure 4-3). 

This suggests that the knot is still intact in MTTTm, even after incubating for 

24 hours under denaturing conditions. This is supported by previously 

published in vitro and in silico studies indicating that the knot persists in the 

denatured state much longer than initially thought (20, 21).  

Hysteresis was initially identified in MTTTm after a six-month incubation 

in strong denaturant (10), we evaluate the time frame in which hysteresis is 

observed under our new NMR conditions (see methods below). After 

denaturing MTTTm for four weeks, hysteresis was clearly evident (Figure 4-4). 

In addition to shifting the midpoint to lower denaturant, a new biphasic 

behavior emerges, indicating that there is a third state in the hysteretic 

protein. Due to the emergence of a third state and a shifting midpoint we  
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Figure 4-3: Thermodynamic titration of non-hysteretic MTTTm 

Overlay of a denaturing titration curve (black) with a refolding titration 

curve, after incubation in denaturant for 24 hours (blue). The two titration-

curves are superimposable.  
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Figure 4-4: Thermodynamic titration of hysteretic MTTTm 

Overlay of a denaturing titration curve (black) with a refolding titration 

curve (red), collected after incubation in denaturant for 4 weeks. The 

titration curves are no longer superimposable.  
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wanted to evaluate whether the native protein and the hysteretic protein 

have the same native structure.  

Previous NMR studies investigating the effects of hysteresis in the 

highly stable GFP revealed chemical shift heterogeneity in the native-like 

trapped hysteric protein (7).  Using a similar approach, we acquired both 

1H-15N HSQCs of native and hysteretic protein to obtain residue specific 

information.  To probe the dynamic solution state, MTTTm was assigned 

using a suite of NMR experiments.  The chemical shifts are well dispersed in 

both native and hysteretic protein (Figure 4-5). The overlaid spectra are 

indistinguishable under these conditions, indicating that hysteresis is not 

attributable to perturbations in the backbone interactions.  This is 

indicative that the hysteretic protein retains its native backbone structure 

despite hysteresis. Given the constrained geometry of the knotted MTTTm, it 

is reasonable that backbone limitations will influence both the position 

and relative dynamics of side chains, particularly those that have steric 

restrictions.  As assessment of backbone interactions indicate that they 

are not principally involved in hysteresis, examination of side chain 

interactions by NMR proved more revealing. Figure 4-6 presents 1H-1H-15N-

NOESY-HSQC 2D strip plots of key residues, with the most pronounced 

heterogeneity observed in F65. The heterogeneity in F65 is clearly  
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Figure 4-5: Comparison of 1H-15N HSQC of native and hysteretic MTTTm.  

The spectral overlays of native (black) and hysteretic (red) protein are 

indistinguishable. The assignments shown in the spectra are highlighted as 

spheres on the inlayed molecular representation of MTTTm (L61 and S64 are 

shown in green, F65 shown in blue, and H114 shown in orange). 

Additionally, the knot is colored in blue (knotting loop) and orange (the 

threading -strand 5), and the -like turn in green.  
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Figure 4-6: 1H-1H-15N-NOESY-HSQC strips highlighting side chains.  

Shown are 2D strips of residues comparing the native (black) and 

hysteretic (red) proteins. The cyan box in F65 highlights both the 

heterogeneity of the side chain in MTTTm (black) and the differences in the 

side chain signature between native and hysteretic protein.  
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observed as two distinct peaks, indicating that F65 populates two slowly 

exchanging conformations.  F65 is in close proximity to H114, allowing the 

aromatic rings to form stabilizing -stacking interactions (22-24). This -

stacking interaction can account for the presence of two conformations, 

one of which is stabilized, identified as the more dominant peak in the 1H-

1H-15N-NOESY-HSQC (Figure 4-6). H114 is in a critical position as it is the 

initiating residue of the threading -strand 5 (Figure 4-7).  Interestingly, the 

knotted region is adjacent to the constrained -like turn facilitating 

crosstalk through the network of contacts and the knot through the -

stacking of F65 and H114.  

Comparison of native and hysteretic protein 1H-1H-15N-NOESY-HSQC 

spectra indicate no significant deviations between the two spectra, with 

the exception of F65 (Figure 4-6). A unique difference in the hysteretic 

protein is observed as a loss in heterogeneity in the side chain 

conformation compared to native. This change in conformation upon 

refolding is similar to other observations of “aromatic ring switches” where 

a subtle change in ring packing, swap in hydrogen bonding (25) or 

stacking interactions lead to heterogeneity.  More importantly, while 

overall backbone interactions appear intact, subtle disruption of side 

chain interactions are evident, as noted by the differences presented  
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Figure 4-7: Crystal structure of -like turn in MTTTm. 

The -like turn (green) highlighting the hydrogen bond (dashed green line) 

interaction critical for the loop formation between residue L61 and S64. 

The nearby F65 (blue) and H114 (orange) interaction is also highlighted.  



77 

 

  

 

here (Figure 4-6). Consistent with the coupling of long range geometric 

constraints observed in GFP (7), the observed conformational differences 

in the F65 side chain are attributable to the interplay between the specific 

network of contacts bridging the complex topology of the knot to the 

tight -like turn.  

4.4 Conclusions   

 While theoretical and experimental work has shown that over time 

knots will eventually untie, this event takes significantly longer than initially 

anticipated (10, 20, 21).  As untying the knot of MTTTm is distinctly 

decoupled from the unfolding mechanism (10), the results presented here 

suggest a specific network of side chain contacts as the cause of 

hysteresis. We hypothesize that hysteresis in MTTTm is attributable to the 

specific packing of side chain contacts bridging the complex topology of 

the knot to the -like turn, leading into the knot, mirroring some of the 

complex behavior of the proline-linked chromophore hula-twist packing 

challenges leading to hysteresis in GFP (7).  The -stacking interaction 

between H114 (Figure 4-8, orange) and F65 (Figure 4-8, blue) allows for 

direct cross talk through the adjacent -like turn (Figure 4-8, green), which 

could “lock” P62 in a trans-conformation in the native state. The “locking” 

represents the introduction of a geometrical constraint in the denatured  
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Figure 4-8: Schematic of the critical packing around the knot of MTTTm.  

The knotting loop and threading -strand 5 are shown in blue and orange, 

respectively. The two conformations observed in F65 are represented as 

dashed lines, where the dominant state can interact with H114. The -like 

turn is highlighted in dark green.  The native trans-proline is represented by 

a dark green proline ring and side chain.  The cis-conformation of the 

proline is shown in light green.  
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state by the knot, which inhibits the isomerization of P62 from a trans- to 

cis-conformation.  Hence, there is no hysteresis after denaturing and 

refolding in a short period of time because the proline is held in the trans-

conformation by the knot.  However, if MTTTm denatures for an extended 

time the packing of -like turn together with the knot can destabilize, so 

that P62 can eventually isomerize to a thermodynamic distribution of 

interconverting the cis-trans conformations in the denatured state. This 

then allows for refolding into a “native-like” protein, with the proline in a 

cis-conformation rather than trans. Thus, the time dependent isomerization 

state of the proline may contribute to the observed hysteretic shift in the 

thermodynamic titration. Interestingly previous simulation studies indicate 

that early formation of the P62 -like turn "precludes the correct route 

towards folding" (11). It has yet to be seen if experimental manipulation of 

the -like turn would allow for the recovery of the native packing and 

relieve hysteresis, which is an area of active study. Importantly, simple cis-

trans proline isomerization will not lead to hysteresis on its own. When 

proline isomerization is packed in close proximity to complex topology in 

proteins, hysteretic bistability can occur. In the case of MTTTm, the -like 

turn is packed against the knotting loop, which stabilizes this structure in 

the denatured state and precludes true equilibrium and causes the 

observed hysteretic behavior. 
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4.5 Methods 

4.5.1 Expression and purification of MTTTm.   

 MTTTm was grown in BL21-DE3 E. coli cells at 37˚ C, expressed, 

harvested, and lysed by sonication. The supernatant was purified by Ni-

Affinity chromatography and gel filtration by an S-200 sepharose column. 

Protein purity was assessed by SDS-PAGE. The most well dispersed 1H-15N 

HSQC was obtained using 75 mM sodium acetate at pH 5.6, and 1% (v/v) 

glycerol plus reducing agent.  This buffer condition is different than used 

previously (10), and was used throughout this work. 

4.5.2 Thermodynamic titrations experiments.   

Expanding upon previous established results (10), we probe the influence 

of incubation time in denaturant on optical signal, as a result of the 

modified incubation times used during the suite of NMR experiments .  

Here, we use circular dichroism (CD), to follow the change in signal as a 

result of varied denaturant incubation times (Figure 4-9).  In equilibrium 

unfolding experiments, to ensure full denaturation of a given protein from 

a folded state, samples are incubated for a period of time in varying 

concentrations of denaturant.  Similarly, equilibrium refolding experiments 

probe changes from the denatured state.  For most proteins, the  
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Figure 4-9: Circular Dichroism of MTTTm 

 Spectra of MTTTm under native (black) and denatured (blue) conditions.   
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denaturing and refolding curves superimpose.  Here, MTTTm was incubated 

for 24 hours before acquiring the data presented (Figure 4-9).  

Comparatively, we collected data after a four-week incubation period 

(Figure 4-10). Consistent with preliminary studies, the denaturing and 

refolding curves are not superimposable upon incubation for long periods 

of time (10).  Interestingly, under the conditions presented here, hysteresis 

in the thermodynamics data of MTTTm is observable in the transition from 

folded to denatured protein, albeit on a slower time-scale.  

 CD measurements were accomplished using an Aviv Circular 

Dichroism spectrometer Model 215 instrument to monitor the secondary 

structure of MTTTm from a wavelength scan from 200-260 nm with a 

spectral bandwidth of 1 nm at 25˚ C.  Thermodynamic titrations were 

performed at a final protein concentration of approximately 5 M.  All 

samples were incubated for 24 hours. For refolding titrations, MTTTm was 

denatured for 24 hours and 4 weeks, respectively in varying 

concentrations of guanidine hydrochloride (Gnd-HCl). 

 The native and refolded thermodynamic data was fit to a two-state 

equation according to: 

          (1) S =
SN + SD ´KD-N

1+KD-N
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Figure 4-10: Kinetic trace of MTTTm 

Unfolding (black) and refolding (blue) kinetic traces of MTTTm, monitored 

by CD.
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           (2) 

where [D] is Gnd-HCl concentration, mD-N is the linear dependence of 

GD-N on denaturant concentrations and GD-N in of folding in H2O. And SN 

and SD are the signal of the native and denatured states, respectively. The 

fitted denatured protein gives a midpoint (MP) at 3.9 ± 0.1 in Gnd-HCl, an 

mD-N equal to 5.6 ± 0.2 and a global stability of GD-N of 21.2 ± 0.1 kcal/mol. 

The refolded protein gives a MP at 3.8 ± 0.1 in Gnd-HCl, an mD-N equal to 

5.7 ± 0.2 and a global stability of 21.8 ± 0.1 kcal/mol. 

  The thermodynamic data for the hysteretic protein was fit to a 

three-state equation according to: 

           (3) 

          (4) 

where KI-N and KD-I are described as above. Z accounts for the 

intermediate signal with the native and denatured signal. The state fit of 

the hysteretic protein give a MP at 3.9 ± 0.1 and 3.6 ± 0.3, for the transition 

from I-D and N-I respectively in Gnd-HCl. The values of mD-N were equal to 

6.5= ± 0.5 and 3.0 ± 1.0, formI-D  and mN-I  respectively. The overall global 

KD-N = exp
-DGD-N

H2O + mD-N ´ D[ ]( )
RT
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S =
KI-N Z +KD-I( )

1+K I-N 1+KD-I( )

Z =
SI - SN
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stabilities of G were equal to 25.2 ± 0.1 kcal/mol and 10.7 ± 0.1 kcal/mol, 

for GI-D and GN-I respectively. 

4.5.3 NMR Studies.   

 1H-15N HSQC and 1H-1H-15N-NOESY-HSQC were collected on a 

Varian VNMRS 800 MHz magnet equipped with a triple-resonance 

cryoprobe at 50˚ C. 1H-15N HSQCs were collected with a total of 256 

complex t1 (15N) and 2048 complex t2 (1H) points. 1H-1H-15N-NOESY-HSQCs 

were collected with a total of 128 complex t1 (1H), 256 complex t2 (15N), 

and 1024 complex t3 (1H) points, with a mixing time of 100 ms. Assignments 

were accomplished using a standard suite of triple resonance 

experiments consisting of the HNCA, HNCACB, CBCA(CO)NH, HNCO, and 

HN(CA)CO. The experiments were processed using NMRPipe (26) and 

visualized and assigned using SPARKY (27).  

4.5.4 Molecular Representations.  

 Molecular representations were generated using the crystal 

structure of MTTTm, PDB code 1O6D, and PyMOL (28). 

 Chapter 4, in full, is a reprint of material as it appears in 

Heterogeneous side chain conformation highlights a network of 

interactions implicated in hysteresis of the knotted protein, Minimal Tied 
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Trefoil (MTT)" Burban, David J; Haglund, Ellinor; Capraro, Dominique T; 

Jennings, Patricia A which was published in the Journal of Physics 

Condensed Matter 2015. The dissertation author was the primary 

author/investigator of this paper. 
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Chapter 5: Conclusion and Future Directions  
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The existence of knots in proteins has made us question what we 

thought was possible in proteins. In order to get a better sense of why 

knots have persisted in proteins, we must endeavor to study a breadth of 

these proteins to see if there is commonality between the knots in the 

diverse world of knotted proteins. To that end, the studies presented in the 

previous chapters help to illuminate the role of the knot in MTTTm  in both 

the native and denatured state, which will help to further our 

understanding of knots in all proteins. 

Viable Nuclear Magnetic Resonance conditions were established 

for this protein, giving us a high resolution picture of the structure and the 

knot for further analysis. With this, we were able to show that the knot 

appears to have two specific roles in the native state: that it allows for 

critical secondary structure contacts, in the form of a 6th beta-strand, are 

able to materialize, and that it allows for the organization of aliphatic 

residues to enable signaling across the protein. This is an important finding 

because it helps us further our understanding of the knot in MTT proteins, 

and SPOUTS as a whole. This will need to be further studied to see if it 

extrapolates to other MTT and SPOUT proteins. 

Studies into the knot in the denatured state are the first to show that 

the knot could have a specific purpose in the denatured state. Our work 
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indicated that there is a critical packing interaction in the beta-like turn 

that leads into the knot, which is caused by tight packing interactions 

from the loop to the aliphatic network beneath the knot. This acts as a 

stabilizing factor in the denatured state, where the protein can more 

efficiently refold. Were the knot not there, this network would likely not 

exist, which would make it so that the proline in the beta-like turn would 

be more able to isomerize in the denatured state, which would 

complicate refolding in MTTTm. We believe that this is an indication that 

knots in proteins could also exist maintain key contacts in the denatured 

state, so that they may efficiently refold should they get denatured in vivo. 

Future work in the native state will focus on studying more about the 

functionality of MTTTm. There is still a distinct lack of knowledge about how 

the MTT class of enzymes works, beyond that it modifies the ribosome. With 

this work, we can begin to further elucidate the mechanism of MTTTm, 

which will help our overall understanding of the MTT class. This will 

necessitate procuring ribosomes to monitor how MTTTm modifies them, and 

with some initial data on the function of this protein we can start to 

observe how mutating the protein will change its efficiency. Our NMR 

studies on MTTTm have given us solid insights into where to start looking for 

modifications. It will be interesting to see how mutations made to the 
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discovered allosteric aliphatic network, and to the beta-strand 6 contacts 

will affect the ability of MTTTm to interact with both ligand and ribosome. 

This will help us to further understand both MTT and SPOUTs as a whole, to 

get a better idea of the necessity of the knot in their function. 

Additionally work on understanding the knot in the native state will 

necessitate studies on other MTT class proteins. To that end, our lab has 

recently finished assignment experiments on the MTT from Staphylococcus 

aureus, MTTSa. This will enable us to see how it interacts with ligand, and 

see if it has similar or different changes upon binding when compared to 

MTTTm. Another MTT for comparison will also allow for other avenues of 

investigation via NMR, most notably by dynamics study. The work 

presented here shows the only in vitro data on the dynamics of an MTT 

SPOUT, to date. Gaining more data on how these proteins fluctuate in 

solution will give us more insights into how they function and how the knot 

affects them. These studies on MTTTm and MTTSa will be followed up with 

further comparative studies to other SPOUT mtases and proteins that are 

structurally homologous to SPOUTs but do not have a knotted backbone. 

This will allow us to continue to shed light onto the role of the knot in 

knotted proteins. 
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Our further understanding of the implications of a knot in the 

denatured state sheds light onto another aspect of the knot, how it can 

effect refolding. Previously it has been shown that the knot remains for all 

proteins studied to date, meaning that knots in other proteins could serve 

a similar function in the denatured state. Future experiments will endeavor 

to see if MTTSa exhibits a similar phenomenon, where it helps to keep the 

denatured state organized due to complex packing interactions between 

the knot and key proline residues. With more insights into the knots role in 

the denatured state for MTT SPOUTs, studies will then be broadened out to 

other SPOUT mtases, and then to other knotted proteins to see if what we 

have found here is universal or unique.  

Our work here adds to the growing base of knowledge of knots in 

the SPOUT family. We have shown that the knot in MTTTm exists to help 

maintain critical contacts in both the native and denatured states. This 

leads us to believe that knots in proteins may have a specific purpose in 

both the native and denatured state, and that the purpose of the knot 

may be unique to each class, if not to each individual protein. We believe 

that this work serves as a foundation for both this lab, and the knotted 

protein community as a whole to learn more about this fascinating subset 

of proteins. The previous chapters serves as another tome of knowledge 
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that has been added to the collective understanding of knotted proteins. 

With this work, we believe that it will open new avenues of thinking for 

future endeavors in the field of studying knotted proteins, to help further 

unravel the mystery of knots in proteins. 

 

 




