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ABSTRACT 

 Alzheimer’s Disease (AD), Parkinson’s Disease (PD), and Lewy body dementia 

(LBD) are the leading causes of neurodegeneration [1]. Currently, the cost of PD patient 

care is $52 billion per year and the cost of AD patient care is expected to reach $1.1 

trillion per year by 2050. Irrespective of the debate about whether protein aggregates 

are the cause or consequence [2-4], ~50% of patients with AD [5], most patients with 

PD [6], and all patients with LBD [7] show intraneuronal cytoplasmic protein aggregates 

(primarily aSyn) that are toxic to cells [8]. In the context of AD, most patients also show 

extracellular aggregates with amyloid-beta peptide (Aβ), where Aβ is partially cleaved 

Aβ precursor protein (APP). As aggregates accumulate within or on neurons, the 

neurons are no longer able to function properly, leading to the symptoms associated 

with AD, PD, and LBD [9]. However, there is currently no drug to dissolve or degrade 

protein aggregates of neurodegeneration. Our central hypothesis is that it may be 

possible to degrade aggregates by leveraging broad-spectrum protease activity of 

matrix metalloproteases (MMPs). MMPs have diverse functions in the human body and 

are known to degrade extracellular matrix and non-matrix proteins [10, 11] and have 

intracellular functions [12]. Tetracycline and its derivatives, well-known inhibitors of 

MMPs [13], have shown therapeutic potential in AD [14] and PD [15]. MMPs can 

partially cleave aSyn [16-20], amyloid-beta precursor protein (APP) [21, 22], and A [23-

26]. This thesis takes the first step and presents experimental and computational results 

to show how MMP1, a collagenase in the 23-member human MMP family, interacts with 

aggregates of aSyn and A at the single-molecule level. We have discussed how 
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molecular insights into MMP1 interactions with aggregates can inform virtual screening 

of drugs for potential targeting of MMPs for a specific substrate and function. 

 Briefly, we report quantification of allostery (communication between distant 

locations in the protein) using single-molecule measurements of MMP1 dynamics on 

aSyn- and A-induced aggregates by calculating Forster Resonance Energy Transfer 

(FRET) between two dyes attached to the catalytic and hemopexin domains of MMP1. 

While MMP1 prefers open conformations with its two domains well-separated on aSyn, 

MMP1 prefers close conformations with the domains closer on A. For both aSyn and 

A, a two-state Poisson process describes the interdomain dynamics, where the two 

states and kinetic rates of interconversion between them are obtained from histograms 

and autocorrelations of FRET values. Since crystal structures of aSyn- and A-bound 

MMP1 are not available, we performed molecular docking of MMP1 with aSyn and A 

using ClusPro. We simulated MMP1 dynamics using different docking poses and 

matched the experimental and simulated interdomain dynamics to identify the 

appropriate poses. We used experimentally validated simulations to define 

conformational changes at the catalytic site and identify allosteric residues in the 

hemopexin domain having strong correlations with the residues at the catalytic site. We 

defined Shannon entropy to quantify MMP1 conformational fluctuations. We performed 

virtual screening of drugs against a site on selected aSyn- and A-MMP1 binding poses 

and showed that lead molecules differ between free MMP1 and substrate-bound MMP1. 

In other words, virtual screening needs to take substrates into account for substrate-

specific control of MMP1 activity. Molecular understanding of MMP1 interactions with 
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aSyn- and A-induced aggregates may open up the possibility of degrading aggregates 

by targeting MMPs. 

 We have organized the thesis into five chapters. Chapter one provides an 

overview of the current literature and places the thesis in the context of 

neurodegeneration. Chapter two describes our novel and patented method for purifying 

recombinant aSyn in E. coli and forming aSyn-induced protein aggregates without using 

chromatography. Chapter three presents interactions of MMP1 with aSyn-induced 

aggregates at the single-molecule level. Chapter four presents interactions of MMP1 

with A-induced aggregates at the single-molecule level. At last, Chapter five 

summarizes the results in the thesis and proposes a framework for testing the relevance 

of the results in C. elegans. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction 

 AD and PD are the leading causes of neurodegeneration [1]. Currently, the cost 

of PD patient care is $52 billion per year and the cost of AD patient care is expected to 

reach $1.1 trillion per year by 2050. The staggering cost of these diseases goes beyond 

monetary value and affects the quality of life for nearly 7 million Americans and their 

families [27, 28].  

 Irrespective of the debate about whether protein aggregates are the cause or 

consequence, ~50% of patients with AD and most patients with PD show protein 

aggregates that are toxic to cells [3, 5, 6]. In PD, the aggregates, referred to as Lewy 

Bodies, are intracellular and rich in the protein alpha-synuclein (aSyn). In AD, the 

aggregates, referred to as plaques, are extracellular and rich in amyloid-beta peptide 

(Aβ). A common feature of both protein aggregates is that they adopt a similar structure 

known as an amyloid fibril. The inherent presence of aggregates does not exclusively 

define all these diseases but may indicate a subset of each disease that shares a 

common trigger and neuropathology. 

 The aggregates share additional commonalities beyond the amyloid fibril 

structures. As aggregates accumulate within or on neurons, the neurons are no longer 

able to function properly, leading to the symptoms associated with AD and PD. The 

clearance and management of these aggregates are essential to preventing disease 
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progression. The overexpression of aSyn and Aβ peptide is associated with PD and AD 

respectively. There is a growing body of evidence that the proteolytic cleavage of Aβ 

peptide and aSyn aggregates plays an important role in understanding AD and PD. 

Matrix metalloproteases have shown capable of degrading these aggregates [9, 29]. 

 Within our lab, we utilize biophysical methodologies to study matrix-

metalloproteases (MMPS). Matrix-metalloproteases are a 23-member family of zinc-

dependent enzymes with a conserved catalytic motif. MMPs are broad-spectrum 

proteases known to degrade extracellular matrix and non-matrix proteins [21, 22]. 

Inhibitors of MMPs, such as tetracycline and its derivatives, have shown therapeutic 

potential in AD and PD [12, 13]. MMP1 has shown the ability to cleave other non-

extracellular substrates such as fibrin and bacterial biofilms [30, 31]. A major component 

of bacterial biofilms is an amyloid fibril structure [32]. If MMP-1 can breakdown bacterial 

biofilms, which are rich in amyloid fibrils, this may hint at its ability to break down the 

amyloid aggregates present in ~50% of AD and PD patients [6, 33]. Additionally, MMPs 

and their analogs have also been studied for their ability to cleave aSyn, APP, and Aβ 

[34, 35].  

1.2 Protein structure and function 

 In this section, I discuss the structure and functions of the significant proteins for 

my study. In addition to the individual proteins, I also discuss amyloid fibrils because 

understanding their structure is also important to this study.  

1.2.1 Matrix-metalloprotease 
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 MMPs are a family of 23 broad-spectrum proteases known to degrade 

extracellular matrix and non-matrix proteins, but a growing body of evidence suggests 

proteolytic and non-proteolytic intracellular functions of MMPs [12] [10, 11]. MMPs are 

found throughout the body in the extracellular space, intracellular space, blood, 

intestine, brain, and can alter the blood-brain barrier [36-41]. MMPS can be found in the 

pro-form and activated forms in physiological conditions [42-47]. 

 MMPs have a highly conserved catalytic domain and are often expressed as a 

zymogen with a pro domain blocking the catalytic site. Activation of MMP1 is achieved 

by removal of the pro domain by serine protease such as trypsin or other MMPs [48, 

49]. MMP1 is a 447 amino acid protein consisting of 4 domains (PDB 4AUO) [50]. The 

domains are the pro-domain from 1-80, the catalytic domain from 81-241, the linker 

region 242-259, and the hemopexin domain 260-447.  

1.2.2 Alpha-synuclein 

 The structure of monomeric full-length aSyn is categorized into three regions: the 

N-terminal region, the NAC region (non-amyloid component), and the C-terminal region. 

The N-terminal region (residues 1-60) contains seven 11 residue repeats that form a 

sequence predicted alpha-helix in the presence of synthetic membranes [51, 52]. The 

NAC region (residues 61-95) undergoes the conformation change necessary for the 

random coil to form a beta-sheet structure. The C-terminal region (residues 96-140) 

contains many acidic residues and is thought to be involved in inhibiting aggregation by 

interacting with the NAC region [53]. 
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 aSyn is considered an intrinsically disordered protein (IDP) as it lacks a stable 

three-dimensional structure in its native state. The monomeric form is known to adopt 

an alpha helix in the presence of artificial and natural membranes as well as forming a 

tetramer of alpha-helices [51, 54]. The instability of aSyn in its native state may 

contribute to its ability to perform the wide variety of functions mentioned previously, but 

it also contributes to its ability to misfold and produce “toxic” states [54]. During 

pathology, the native monomeric state undergoes a structural change leading to the 

stacking of beta-sheets characteristic of Lewy Bodies. It has been further suggested 

that misfolded aSyn may propagate through a prion-like mechanism [55].  

 aSyn was thought to be localized to the presynaptic terminal of neurons but since 

its discovery has been known to be produced in other non-neuronal cells such as red 

blood cells [56, 57]. aSyn has been implicated as a regulator of exocytosis through 

inhibition of phospholipase D2  and as a chaperone similar to cysteine string protein 

(CSPα), which indicates a role in SNARE-complex assembly [58, 59]. Studies in knock-

out mice indicate the absence of aSyn leads to either an increase or inhibition in 

dopamine release indicating that aSyn has some role in dopamine release regulation 

[60-62]. Although the exact native function of aSyn is unknown it has been consistently 

indicated that aSyn has a role in dopamine metabolism, SNARE complex assembly in 

neurotransmitter release, and regulation of ATP synthase efficiency in the mitochondria 

[54, 63].  

1.2.3 Amyloid-Beta peptide 

 Aβ peptide is a smaller fragment of a protein known as amyloid-beta precursor 

protein (APP). APP in a membrane protein expressed in many tissues including the 
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synapse of neurons. It has a structure consisting of a large glycosylated extracellular N-

terminus and a smaller C-terminus. In humans, there are three other large proteins in 

the same gene family of APP. The other two are APP-related proteins known as APLP1 

and APLP2 [64]. Different isoforms of APP exist ranging from 695 to 770 amino acids 

but the most abundant is 695 which is mainly expressed in neurons [65]. Other isoforms 

of 751 and 770 contain a serine protease inhibitor domain and are mainly expressed in 

platelets and peripheral cells [66, 67]. APP’s function is not fully understood, but it is 

implicated in synapse formation, synapse repair, iron export, anterograde neuronal 

transport, and neuroplasticity [68-70]. 

 During natural processing within the body, APP is secreted and cleaved into the 

extracellular space by multiple forms of secretase. If β-secretase is used followed by γ-

secretase a 42 amino acid fragment of APP is yielded. This is what is known as Aβ 

peptide, and it is prone to aggregation. Methods of Aβ peptide aggregation, breakdown, 

and transport across the blood-brain barrier are being studied as part of AD pathology 

[71, 72]. Balancing the levels of Aβ peptide in the brain is achieved by proteolytic 

degradation and active transport out of the brain. There is a growing body of evidence 

that the proteolytic cleavage of Aβ peptide and its aggregate play an important role in 

understanding AD [73]. 

 Aβ is commonly thought to be intrinsically disordered but it does have some 

distinguishable features. Using NMR-guided simulation researchers have suggested 

different conformational states of Aβ with the C-terminus being more structured. 

Between residues 31-34 and 38-41 a β-hairpin is found that reduces C-terminal 
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flexibility and may be responsible for the propensity 42 amino acid form of Aβ to form 

amyloids [74]. 

1.2.4 Amyloid fibrils 

 Amyloid fibrils (not to be confused with A or APP) are a type of protein structure 

in which protein monomers misfold into β- sheets, and stack in an offset manner, 

forming a twisted fibril. Amyloid fibrils are commonly seen in bacterial biofilms, infectious 

prions, and aggregates involved in neurodegeneration [6, 28, 32, 33, 75, 76]. The 

amyloid fibril formation associated with neurodegeneration is currently thought to be 

caused by overexpression, genetic mutation, or cleavage of precursors affecting the 

stability of the protein in its native form [71, 72]. A common protein found in PD and AD 

amyloid aggregates is aSyn and there is evidence that the C-terminal truncation of aSyn 

by protease leads to aggregation and fibril formation [77]. In PD and some forms of 

dementia, these fibrils can aggregate into larger intracellular structures known as Lewy 

Bodies. Aβ peptide is mainly implicated in the amyloid fibril formation into extracellular 

plaques associated with AD [33].  

1.3 Role of MMPs in the aggregation of aSyn and A 

 Proteolytic degradation of aSyn and Aβ peptide is not only important to their 

aggregated forms but their monomeric forms as well. The cleavage, or lack of cleavage, 

of monomeric aSyn and Aβ peptide by proteases has implications in aggregate 

formation. Both intracellular and extracellular proteolytic systems take part in the 

cleavage of aSyn [78]. Dysfunctions of the two major functionally interconnected 

intracellular proteolytic systems, i.e., the ubiquitin-proteasome system and the 



7 
 

autophagy-lysosome pathway, are considered to be involved in the cleavage and 

aggregation of aSyn [78-80]. For example, the lysosomal protease cathepsin D (CathD) 

can degrade aSyn, and mutations in CathD encoding the gene ctsd lead to the 

misprocessing of aSyn [81]. Trypsin and trypsin-like serine proteases in the brain are 

also potential candidates for degrading aSyn [82]. Proteases such as calpains and 

neurosin have also been shown to cleave aSyn [83-87]. In particular, neurosin (also 

known as human kallikrein-6, KLK6, Zyme, and Protease M) is a serine protease 

expressed throughout the body, including the central nervous system (CNS), and can 

cleave aSyn [88, 89]. However, in the context of AD and PD, proteases of particular 

interest are those that partially cleave aSyn and APP to create amyloidogenic 

fragments. There are two critical enzymes for the partial cleavage of aSyn and APP. 

First, asparaginyl endopeptidase (AEP or legumain), an age-dependent lysosomal 

cysteine protease that cleaves protein substrates on the C-terminal side, can cleave 

aSyn at N103 and APP [88, 90]. Second, matrix metalloproteases (MMPs), which are 

also known to degrade many components of the extracellular matrix, including age-

dependent collagen, can cleave aSyn and APP [16-20]. Of the MMP family, MMP1, 

MMP2, MMP3, MMP9, and MT1-MMP can partially cleave aSyn, with the possible 

cleavage sites for MMP1, MMP3, and MMP9 identified [18, 19]. The implication of 

MMPs in neurodegeneration is significant. Tetracycline and its derivatives, known to 

inhibit MMPs, have shown therapeutic potential in AD and PD [13, 18, 19].  

1.4 Interactions of MMPs with aSyn and A in vivo 

 MMP3, a member of the MMP family, cleaves aSyn in vivo and colocalizes with 

aSyn in Lewy bodies in the postmortem brains of PD patients [14]. Although aSyn is a 
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cytosolic protein, extracellular aSyn is found in cerebrospinal fluid, blood plasma and 

can be secreted by normal cells [15, 91-95]. Similarly, both extracellular and intracellular 

A have been implicated in AD [96-98]. Since MMPs can be activated in intracellular 

and extracellular spaces, MMPs are likely to interact with aSyn to produce aSyn 

fragments, leading to aggregation. MMPs are also implicated in PD and AD by their 

contributions to blood-brain barrier breakdown and association with dementia [21, 22]. 

 Another emerging thought is that Lewy body pathology can start in the enteric 

nervous system (ENS) of the gut and spread to the central nervous system (CNS) [99]. 

Holmqvist et al. showed that aSyn in the human PD brain lysate and recombinant aSyn 

could be transported from the gut to the brain via the vagus nerve and reach the dorsal 

motor nucleus of the vagus in the brainstem after injection into the intestinal wall of rats 

[100]. Hoffmann et al. provided a mechanism of trafficking extracellular aSyn 

aggregates into intracellular space and initiating aggregation of endogenous aSyn [101]. 

This phenomenon is not just for aSyn; Harach et al. showed a reduction of Aβ peptide 

(amyloidogenic fragment of APP) pathology in transgenic mouse models in the absence 

of gut microbiota [102]. The presence of aSyn and Aβ in the intestine has been reported 

[103, 104]. MMPs represent a suitable target for bringing these aggregate-prone 

proteins and their amyloidogenic fragments into contact with neurons in the enteric 

nervous system (ENS). Mechanisms underlying intestinal wall breakdown are unclear, 

with hypotheses ranging from tissue hypoxia to collagen breakdown by MMPs [102]. 

However, collagen degradation by MMPs must be an integral part of intestinal tissue 

breakdown because collagen is a major component of the extracellular matrix in the 

intestines as it is in most tissues [104].  
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1.5 Allosteric control of proteases 

 Proteases can be viewed as a system of loosely structured amino acids that 

communicate by electrostatic forces to alter peptide bonds in other proteins. The 

electrostatic forces within a protease serve to change the conformation of the protease. 

The movement of a protease during activity is known as its conformational dynamics 

and involves the entire protease, not just the catalytic pocket. MMPs have a highly 

conserved catalytic pocket, yet each protease can act on different substrates such as 

MMP1 on triple-helical type collagen and MMP9 on gelatin [50, 105, 106]. The 

difference in substate specificity suggests that domains away from the catalytic site are 

essential for substrate recognition. Recently, Kumar et al. has shown that MMP1 is 

capable of allosteric communication between the hemopexin and catalytic domain even 

in the absence of a linker region [78]. Identification of the allosteric residues involved in 

the substrate recognition and conformation dynamics of MMP1 could serve as a target 

for ligand binding to modulate the activity of MMP1. 

1.6 Thesis Objective 

 Within our lab, we have used an interdisciplinary approach to study MMP1 on a 

variety of substrates including collagen, fibrinogen, fibrin, and bacterial biofilms [30, 31, 

48, 78]. Characterization of MMP1 conformational dynamics on each substrate using 

single-molecule Förster resonance energy transfer has shown that the open 

conformation of MMP1 is functionally relevant and that the magnitude of conformational 

change is unique to each substrate. This suggests substrate-specific allosteric 

communication between the hemopexin domain and catalytic domain of MMP1. 
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 The objective of this thesis is to elucidate the mechanics of MMP1 activity on 

aggregates present in PD and AD. Our interdisciplinary approach will utilize single-

molecule biophysical methods, molecular dynamic simulations, virtual screening of lead 

molecules, and ensemble biochemical assays. We hypothesize that we can 

allosterically control fragmentation of aSyn and A by MMPs to modulate aggregation 

and possibly degrade existing aggregates. 
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 CHAPTER TWO 1 

PURIFICATION OF ALPHA SYNUCLEIN WITHOUT CHROMATOGRAPHY 

2.1 Introduction 

 More than 50% of patients with AD and almost all patients with PD  show Lewy 

bodies, intraneuronal cytoplasmic protein aggregates[6]. The typical protein in Lewy 

bodies that may be causally related to the etiology of AD and PD is aSyn [107]. The 

physiological functions of aSyn remain unclear, but its primary localization in the 

cytoplasm of mainly neuronal cells and at presynaptic terminals implies a role in 

neuronal function [108-113]. Also, aSyn is associated with the distal reserve pool of 

synaptic vesicles [110, 114, 115]. An overexpression or knockout of aSyn leads to 

dysregulation of synaptic transmission [60, 116-119]. These studies suggest that aSyn 

plays an essential role in regulating neurotransmitter release and synaptic function 

[120]. A growing body of evidence from in vitro and in vivo genetic, biochemical, and 

biophysical studies suggests that aSyn oligomerization and fibrillation play a central role 

in Lewy body pathologies, including AD and PD [121-124]. There is evidence that the C-

terminal truncation of aSyn by proteases leads to protein aggregation and Lewy body 

formation. Research has shown that asparaginyl endopeptidase (AEP) causes partial 

cleavage of aSyn [90]. A growing body of evidence suggests that matrix 

metalloproteases can also partially cleave aSyn [16-20]. However, the mechanisms and 

cellular pathways leading to neurodegeneration caused by aSyn-induced aggregation 

remain unknown despite many biophysical studies [125-127]. Addressing these 

 
1  Content in this chapter was formally published in [183]; see Appendix A 
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knowledge gaps will require further biophysical and biochemical studies of the 

mechanisms underlying protein aggregation induced by aSyn [128], which in turn would 

require purified aSyn as well as a model of protein aggregates. 

 Since the first identification of synucleins in the human brain and E. coli based 

purification of recombinant synucleins in 1994, several reports of recombinant 

purification have been reported for aSyn [52, 112, 129-131]. Protein purification usually 

requires time-consuming and expensive steps of chromatography to separate proteins 

of interest from other proteins. Generally, cell lysate goes through a series of purification 

steps such as precipitation by ammonium sulfate or acid, ion exchange, and size 

exclusion chromatography [132]. For higher specificity, several fusion strategies such as 

the glutathione S-transferase (GST) system and the chitin-binding domain-intein system 

are also useful [133, 134]. Leveraging periplasmic localization of expressed aSyn in E. 

coli, a shorter purification protocol was developed [135]. For NMR studies, isotopically 

labeled aSyn was purified in E. coli [136]. For the delivery of aSyn inside cells, 

researchers have purified Tat-fused recombinant aSyn in E. coli [137]. For purifying 

aSyn with post-translational modifications, Gerding et al. reported a method of purifying 

aSyn with 3-nitrotyrosine in E. coli [138]. These methods can provide good purity and 

homogeneity of purified aSyn within three or more days. Recombinant aSyn purified in 

E. coli has enabled many in vitro and even in vivo studies revealing many insights into 

structure-function relationships of aSyn. Based on these studies using recombinant 

protein, aSyn is generally considered a "natively unfolded" ~14.6 kDa monomer that can 

form secondary -helical structures upon binding to lipid membranes and detergents 

[51, 52]. 
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 In contrast to the monomeric form of recombinant protein, aSyn purified from the 

human brain, live human cells, neuronal and non-neuronal cell lines predominantly 

show a "natively folded" ~58 kDa tetrameric form [139, 140]. The additional efforts to 

purify aSyn destabilize the tetrameric forms, leading to the monomeric form [139]. 

Several factors affect aSyn studies, including purification, denaturing step, high 

concentration, and post-translational modification [132, 139, 141]. To enable further 

studies of the structure-function relationships of aSyn, we developed a quick and 

inexpensive method of aSyn purification in E. coli. We describe a method to purify 

untagged recombinant aSyn within 24 h, where we have eliminated chromatography 

from aSyn purification by exploiting the propensity of aSyn to form aggregates. Our core 

technology involves "self-purification" of aSyn, which is possible because aSyn leads to 

aggregation of E. coli proteins leaving soluble full-length aSyn. As a result, we obtained 

purified aSyn and a model of aSyn-induced protein aggregates to enable further 

biochemical and biophysical studies. 

2.2  aSyn is toxic for E. coli 

 We expressed full-length recombinant human aSyn with 140 residues in E. coli. 

The molecular weight of full-length aSyn is ~14.5 kDa. We inserted the sequence of 

aSyn into the pET11a vector between NdeI (N-terminal) and HindIII (C-terminal) 

restriction sites. We transformed the plasmid into Rosetta (DE3) pLysS competent E. 

coli strain for aSyn expression. The aSyn in the plasmid is under the control of the lac 

operator, and as such, we induced aSyn expression using 1 mM Isopropyl -d-1-

thiogalactopyranoside (IPTG) at Optical Density (OD600)=0.17.  
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 As shown in Figure 2.1a, IPTG-induced production of aSyn inhibited E. coli 

growth. However, E. coli growth was unaffected for 2.5 h after IPTG induction, indicating 

a threshold concentration of intracellular aSyn for toxicity. We used Congo red, a stain 

for amyloid [142, 143], to test if aSyn production after IPTG induction leads to amyloid 

formation. E. coli culture without IPTG induction served as the control.  

 

 We incubated cultures with and without IPTG induction at the same OD, 

centrifuged and discarded supernatant, reconstituted the cells in water, and measured 

 

Figure 2.1.  Expression of aSyn in E. coli. (a) Growth of E. coli strain Rosetta(DE3) pLysS 
with (red diamond) and without (blue circle) IPTG. The data are fitted to the logistic equation 
for bacterial growth, / [1 exp( / 60)]+ −a b kt , with (solid red line) and without (solid blue line); 

the best-fit parameters are 0.8 0.1= a  (with IPTG), 1.5 0.3  (without IPTG); 15 22= b (with 

IPTG), 24 26  (without IPTG); 1.3 0.7= k  (with IPTG), 1.0 0.5  (without IPTG). The error 

bars represent the standard deviations of three replicates. Induction by IPTG produces aSyn, 
which is toxic for E. coli, as indicated by the reduced growth in the presence of IPTG. (b) 
Fluorescence from Congo red stain between 565 nm and 650 nm with (solid red circle) and 
without (solid blue circle) IPTG upon excitation at 470 nm.  The data are fitted to the equation, 

exp( )d e f x−  −  ,  with (solid red line) and without (solid blue line); the best-fit parameters 

are 1680 178d =   (with IPTG), 2263 1479  (without IPTG); 1699 161e =  (with IPTG), 

2243 1430  (without IPTG); 2.01 0.42f =   (with IPTG), 0.91 0.52  (without IPTG).   The 

error bars represent standard deviations of four replicates.  (c) Expression of aSyn with and 
without IPTG. A comparison of protein expression with and without IPTG showed a band at ~16 
kDa due to aSyn, which is higher than the actual mass.  Published reports have shown aSyn 
indicating a little higher weight in SDS PAGE and expected value in SDS PAGE [18, 19, 135, 
136, 144]. 
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Congo red fluorescence (see methods for detailed procedure). Figure 2.1b shows that 

Congo red fluorescence with IPTG induction is higher than without IPTG induction at 

each OD, suggesting that aSyn forms amyloid inside E. coli and reduces growth 

observed in Figure 2.1a. The supernatant of centrifuged cell lysates was analyzed using 

SDS PAGE, as shown in Figure 2.1c, which showed a band at ~15 kDa due to aSyn 

after induction with IPTG. As a negative control, cells without IPTG induction did not 

produce aSyn. A comparison of protein bands with and without IPTG revealed that E. 

coli protein bands were of lighter intensity when aSyn was present. In combination with 

the reduced growth (Figure 2.1a), this observation suggests that aSyn leads to 

aggregation of E. coli proteins and causes toxicity. 

 

2.3 aSyn leads to water-suspended structures  

 

Figure 2.2.  Aggregation of aSyn. (a) Water-insoluble but suspended aggregates of E. coli 
proteins induced by aSyn. (b) Examples of structures observed under a light microscope. (c) 
WB of the soluble proteins in Figure 2.2a shows oligomers of aSyn. A calorimetric image (gray 
bands on the left) of the molecular weight markers superimposed with the WB image. (d) 
Centrifugation of the soluble proteins in Figure 2.2a using a 30 kDa cut-off filter leads to further 
aggregation (orange arrow) and a clear flow-through (gray arrow). Filtration of the flow-through 
using a 10 kDa cut-off centrifugation filter gives purified aSyn. 
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 We observed that the centrifugation of E. coli lysate at 10000 rpm in a 15 mL 

tube led to water-suspended structures that did not precipitate (Figure 2.2a). The water-

suspended structures revealed different morphologies under a light microscope (Figure 

2.2b). The soluble portion in Figure 2.2a showed oligomers in Western blot (WB) 

imaging (Figure 2.2c). The soluble part's centrifugation using a 30 kDa filter led to 

further aggregation and a clear flow-through (Figure 2.2d). Interestingly, the water-

suspended structures did not form in a 50 mL tube, suggesting that centrifugal force in 

combination with narrow diameters leads to the water-suspended aggregation. 

2.4 aSyn induced aggregation of E. coli proteins facilitates purification  

 We leveraged the aggregation of E. coli proteins to purify aSyn without 

chromatography using 30 kDa and 10 kDa centrifugation filters (Figure 2.3a). The 

identity of aSyn was confirmed by WB using an anti-aSyn antibody (Figure 2.3b). We 

used the Bradford assay to quantify the concentration of purified aSyn. Figure 2.3c 

shows the standard curve generated using bovine serum albumin (BSA), where the red 

symbol indicates the data point due to aSyn. We obtained ~60 g  of purified aSyn in 

solution from 500 mL culture within 24 h. Note that we got a lower amount of purified 

aSyn because we also formed aggregates of native E. coli proteins leveraging the 

amyloidogenic property of aSyn. Also, we performed mass spectrometry and Edman 

sequencing of purified aSyn at the Tufts Core Facility (Figure 2.4). Mass spectrometry 

(Figure 2.3d) confirmed that the purified aSyn did not have higher molecular weight 

contamination. Further, Edman sequencing confirmed the first seven amino acids to be 

MDVFMKG as expected (see Figure 2.4). 
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Figure 2.3.  Purification, quantification, and identification of aSyn. (a) Purified aSyn. Left 
lane: molecular weight marker; right lane: aSyn. (b) WB using an anti-aSyn antibody. A 
calorimetric image (gray bands on the left) of the markers superimposed with the WB image. 
(c)  Bradford standard curve generated using BSA as the standard. The solid line is the best fit 
to a line =y ax ; the best-fit parameter is 0.7 0.1= a (standard deviation of three replicates). 

The red square due to aSyn results in a concentration of ~60 g/mL. (d)  MALDI-TOF mass 
spectrum of aSyn shows the purity of aSyn. Two peaks appear due to aSyn: peak 1 (7.3 kDa 
and 7.5 kDa) and peak 2 (14.5 kDa and 14.7 kDa). 
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Figure 2.4. Edman sequencing of purified aSyn. The first seven residues from the N-terminal 
are MDVFMKG. Edman sequencing was performed at the Tufts Core Facility, Tufts Medical 
School, 136 Harrison Ave, Boston, MA 02111. 
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Figure 2.5. The molecular weight of aSyn in SDS PAGE depends on the experimental 
conditions. (a) SDS PAGE with the running buffer at pH=8.2. (b) SDS PAGE with the running 
buffer at pH=9.2. 

 

2.5 Higher molecular weight of aSyn in the SDS PAGE profile is likely due to 
 the running buffer pH 

 Figure 2.5 shows that aSyn can indicate different molecular weights in SDS 

PAGE depending on the experimental conditions. Highly acidic and low molecular 

weight (less than 15 kDa) proteins often run abnormally in SDS-PAGE [145]. aSyn with 

a pI of 5.1 and a molecular weight of 14.6 kDa shows abnormal electrophoretic mobility 

and appears to have a molecular weight of ~17 kDa [144]. The literature indicates that 

aSyn can run at a higher molecular weight and the expected molecular weight in SDS 

PAGE [18, 19, 135, 136, 144]. To resolve the issue, we changed the running buffer's pH 

(Figure 2.5) and kept the other conditions the same, which resulted in a shift in the 

position of aSyn relative to the 15 kDa band. The commercial aSyn (Abcam, Cat# 
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ab218818) and purified aSyn using our method show similar band positions (Figure 

2.5). 

 

 

Figure 2.6.  Flowchart of aSyn purification in E. coli. In less than 24 h, it is possible to purify 

60 g of monomeric aSyn from 500 mL of E. coli culture and obtain aSyn-induced aggregates. 
The use of sonication in Step 5 and narrow diameter tubes (15 mL) for centrifugation in Step 6 
are essential for optimum results. Created with BioRender.com. 

 

2.6 Summary  

 In conclusion, we have developed an inexpensive and quick method of purifying 

~60 g recombinant aSyn in E. coli within 24 h. Figure 2.6 shows the purification 

flowchart. Two critical steps are the use of sonication and narrow diameter tubes for 
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centrifugation. We compared purified aSyn with commercially available aSyn (Figure 

2.5), which shows comparable purity. In the future, functional studies such as fibrillation 

kinetics are needed to compare the two sources of aSyn. In contrast to the 

chromatography-free method in this paper, chromatography-based purification 

techniques using denaturing agents take a few days. Recently, Gerding et al. reported a 

process of purifying ~1 mg of aSyn in E. coli [138] involving two chromatographic steps. 

Although 60 g of aSyn from 500 mL of E. coli culture in our paper is significantly less 

than ~1 mg of aSyn, aSyn-induced protein aggregates are an important byproduct of the 

method described in this paper. The formation of aggregates enables chromatography-

free purification but leads to the lower yield of purified aSyn. These aggregates might be 

useful as a model of Lewy bodies. However, further studies are needed to confirm 

whether or not these aggregates can be used as a model of Lewy bodies. The 

production of aSyn-induced aggregates, in addition to purified monomeric aSyn, is 

unique relative to the prior reports on aSyn purification. We have observed oligomers of 

aSyn in the supernatant, as suggested by WB (Figure 2.2c), before purifying monomeric 

aSyn (Figure 2.3a). The observation of aSyn oligomers is consistent with previous 

reports of the tetrameric form of aSyn [139, 140]. However, we cannot conclude the 

precise stoichiometry because we did not perform any size exclusion chromatography in 

our chromatography-free method. The dramatic substrate promiscuity of aSyn enables 

purification and affects E. coli growth (Figure 2.1a). We used Congo red [142, 143] to 

detect amyloid formation in E. coli (Figure 2.1b). In the future, we need functional data 

to define the toxicity of purified aSyn in mammalian cells and animal models. To this 

end, thioflavin T (ThT) [142] and 1-anilinonaphthalene-8-sulfonic acid (ANS) [143] may 
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provide additional information about fibrillation. Both ThT and ANS emit enhanced 

fluorescence upon binding fibrils. However, ThT emits stronger fluorescence upon 

binding the -sheet conformation of amyloid fibrils. In contrast, ANS emits enhanced 

fluorescence upon attaching to hydrophobic surfaces. As such, ANS is a suitable probe 

for partially unfolded protein conformations. The promiscuity of aSyn with E. coli 

proteins suggests that aSyn may have more physiological implications than 

neurodegeneration. 

2.7  Methods 

 In this section, I discuss the methods used within the chapter. This includes a 

method of purification for aSyn beginning with the insertion if the plasmid and ending 

with a purified protein as well as an aggregate rich in aSyn. 

2.7.1 Transformation of the plasmid 

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEGVLYV

GSKTKEGVVHGVATVAEKTKEQVTNVGGAVVTGVTAVAQKT

VEGAGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPVDPDNE

AYEMPSEEGYQDYEPEA 

Figure 2.7. Amino acid sequence for aSyn. Contains 140 residues. 

  



23 
 

ATGGACGTTTTCATGAAAGGTCTGTCTAAAGCTAAAGAAGG

TGTTGTTGCTGCTGCTGAAAAAACCAAACAGGGTGTTGCTG

AAGCTGCTGGTAAAACCAAAGAAGGTGTTCTGTACGTTGGT

TCTAAAACCAAAGAAGGTGTTGTTCACGGTGTTGCTACCGTT

GCTGAAAAAACCAAAGAACAGGTTACCAACGTTGGTGGTGC

TGTTGTTACCGGTGTTACCGCTGTTGCTCAGAAAACCGTTGA

AGGTGCTGGTTCTATCGCTGCTGCTACCGGTTTCGTTAAAAA

AGACCAGCTGGGTAAAAACGAAGAAGGTGCTCCGCAGGAA

GGTATCCTGGAAGACATGCCGGTTGACCCGGACAACGAAGC

TTACGAAATGCCGTCTGAAGAAGGTTACCAGGACTACGAAC

CGGAAGCT 

Figure 2.8. The DNA sequence for aSyn. The sequence was optimized for expression in 
E.coli K12 using Java Codon Adaption Tool (JCat) [146]. 

 

 The plasmid contains the DNA sequence for 140-residue wild type aSyn inserted 

into the pET11a vector between NdeI (N-terminal) and HindIII (C-terminal) restriction 

sites. We transformed the plasmid into Rosetta (DE3) pLysS E. coli (Millipore, Cat# 

70956-4). We thawed 50 µL of cells on ice. 10 µL of plasmid at 100 ng/mL concentration 

was added to the cells and kept on ice for 30 min. We transferred cells to a hot water bath 

at 42ºC for 45 s and moved back to the ice for 5 min. 950 µL of super optimal broth with 

catabolite repression (SOC) media (Sigma-Aldrich, Cat# S1797) was added to the cells 

and incubated for 2 h at 37ºC. We spread 100 µL of growth on a plate containing ImMedia 

Amp Blue (Invitrogen, Cat# 45-0038) and allowed it to grow for 48 h. After 48 h, we 

selected one colony of E.coli and transferred it into 35 mL of Luria Broth (LB) media with 

35 µL of ampicillin at 100 mg/mL concentration and 35 µL of chloramphenicol at 34 mg/mL 

concentration. Cells were grown for an additional 16 h until OD600 reached 1.5. To make 

glycerol stock, we added 800 µL of E. coli culture to 500 µL of 50% glycerol (Sigma-

Aldrich, Cat# G5516) and stored it at -80ºC. 
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2.7.2 Growth of Rosetta (DE3) pLysS cells.  

 We prepared 35 mL of seed culture in LB media (Sigma-Aldrich L7658) from 3 

mL of E. coli cells' glycerol stocks. We added 35 µL of ampicillin at 100 mg/mL 

concentration and 35 µL of chloramphenicol at 34 mg/mL concentration. The seed 

culture was grown overnight for 15 h in shaker-incubator at 37ºC with 250 rpm orbital 

agitation until growth reached OD600=1.8. 10 mL of the seed culture was added to 500 

mL sterile LB media with the same final concentrations of antibiotics in two 1 L conical 

flat-bottom glass flasks and grown at 37ºC with 250 rpm orbital agitation. After the 

growth reached OD600=0.2, we induced the cells in one flask with 500 µL of 1 M IPTG 

(ChemCruz, Cat# SC-202185B). The cells in the other flask were not induced with IPTG 

to serve as the negative control. After induction, we grew cells in both flasks for 5 h in 

the incubator-shaker at 37ºC with 250 rpm orbital agitation. We measured OD using a 

cell density meter (WPA Biowave, Model# C0800) to quantify the growth, as shown in 

Figure 2.1a. The cells were harvested and centrifuged in 15 mL centrifuge tubes at 

10000 rpm for 10 minutes using a fixed angle centrifuge (Sorvall Lynx 4000 centrifuge 

with F12-6X500 rotor, Cat# 75006580). Note that LB media was sterilized by an 

autoclave (Panasonic, Model# MLS-3781L) following the preset liquid sterilization 

program (121C for 15 min). 

2.7.3 Congo red staining 

  We collected 1 mL of culture from 500 mL stock cultures with and without IPTG 

at OD600 = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8. We centrifuged the 1 mL cultures in 

1.5 mL microcentrifuge tubes at 10,000 rpm for 10 min. After discarding the 
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supernatant, we added 200 μL of  Congo Red stain (Abcam, Cat# ab150663) to each 

sample tube and vortexed briefly to reconstitute cells. We incubated the cells with 

Congo red at 37C for 10 min. After centrifugation of samples at 10,000 rpm for 10 min, 

we removed the excess stain and added 500 uL of deionized water to reconstitute the 

stained E. coli by brief vortexing. We loaded 200 L of each sample into thin-walled 

PCR tubes and measured the Congo red emission in the range of 565 - 650 nm using a 

DeNovix Fluorometer QFX with 470 nm excitation (Figure 2.1b). 

2.7.4 Cell lysis and SDS PAGE to confirm the expression of aSyn 

 We took 10 mL of each growth and disrupted the cells using a sonicator 

(Branson Digital Sonifier, Model# BBT16031593A) at 30% amplitude for 10 min with a 

sequence of 10 s pulse ON and 20 s pulse OFF. We centrifuged the cell lysates and 

collected the supernatant containing soluble proteins. These samples were prepared for 

SDS PAGE by 1:1 dilution in sample buffer with β-mercaptoethanol (Sigma-Aldrich, 

Cat# M3148) made from 2x Laemmli buffer (Biorad, Cat# 161-0737). We boiled the 

samples with the dye for 10 min and loaded 30 µL of each sample into the wells of a 

15% polyacrylamide gel. The gel was run in 1X SDS running buffer at 70 V and 40 mA. 

After 30 min, we increased the voltage to 120 V and allowed the gel to run for an 

additional 1 h. Gels were removed from the running tank and stained in 100 mL of stain 

prepared using 30% ethanol, 10% acetic acid, and 0.5% Coomassie Brilliant Blue R-250 

(Biorad, Cat# 161-0436). The gel was stained for 2 h and washed twice in DI water to 

remove excess dye, followed by destaining in 200 mL of 30% ethanol and 10% acetic 

acid for 18 h. We imaged the gel using an imager (Figure 2.1c). 
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2.7.5  Protein aggregation induced by centrifugation in narrow tubes 

 We caused protein aggregation by aSyn as an integral part of our purification to 

pull down native E.coli proteins, and aSyn effectively self-purified itself. We 

reconstituted 1 g cell pellet in 6 mL of protein buffer (50 mM Tris, 100 mM NaCl, pH 9.0) 

in a 15 mL tube and disrupted the cells using a sonicator as described before. The step 

of lysate centrifugation in a 15 mL tube at 10000 rpm for 10 min is critical. After 

centrifugation, we observed water-suspended structures. Note that the water-

suspended structures did not form when we centrifuged the cell lysate in a 50 mL tube. 

We also noted that even with longer centrifugation, the water-suspended structures did 

not precipitate and form a pellet at the bottom of the tube and remained suspended in 

solution. The suspended insoluble structures were highly viscous and cohesive, like 

mucus. We could pull out the structures from the solution using a 1 mL pipet tip. The 

soluble supernatant was filtered using a 30 kDa Amicon filter tube (Millipore, Cat# 

UFC903024) at 5000 rpm for 20 min. The flow-through of filtration was then loaded into 

a 10 kDa Amicon filter tube (Millipore, Cat# ACS501012) and centrifuged at 5000 rpm 

for 20 min. The retentate from this filtration contained purified aSyn, which we checked 

using a 15% SDS PAGE. The gel was run at 150 V for 10 min and then 200 V for 45 

min. After purification, we obtained 1 mL of ~60 µg/mL aSyn. We quantified the protein 

concentration using the Bradford assay (Figure 2.3c). 

2.7.6 Identification of aSyn using Western blotting 

 We ran the SDS PAGE of the protein sample in 15% polyacrylamide gel as 

before. Then, we transferred the proteins to a nitrocellulose membrane using the Trans-

Blot Turbo transfer system (Biorad, Model# 170-4155).  Then, we dipped the membrane 
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with transferred proteins into 30 mL of blocking buffer (skim milk) and placed it on a 

shaker for 2 h. After removing the blocking buffer, we added the primary anti-aSyn 

antibody (Abcam, Cat# 138501) to a final concentration of 0.5 µg/mL in 10 ml of 

blocking buffer and placed it on a shaker at 4ºC for 16 h. After removing the primary 

antibody solution, we washed the blot 3 times with 30 mL of protein buffer (50 mM Tris, 

100 mM NaCl, pH 9.0). After washing, we dipped the membrane into 50 mL of the 

secondary antibody (Bosterbio, Cat# BA1054) at a final concentration of 0.5 µg/mL for 2 

h. We removed the secondary antibody solution and rewashed the blot with 30 mL of 

protein buffer. 12 ml of the chemiluminescent substrate (Biorad, Clarity Western ECL 

substrate, Cat# 170-5060) was added to the blot and imaged using a Biorad imager. 

2.7.7 Identification and quantification of aSyn 

 In addition to WB, we confirmed the identity of purified aSyn using mass 

spectroscopy and Edman sequencing performed by the Tufts Core Facility at Tufts 

Medical School. Edman sequencing, developed by Pehr Edman, is a standard method 

of identifying proteins [147-149]. Although mass spectrometry provides one way of 

identifying proteins, the sequence obtained from Edman sequencing offers a 

complementary and more direct confirmation of the protein's identity. Figure 2.4 shows 

the first seven residues of purified aSyn, confirming the identity of aSyn and validating 

the purification method. To quantify aSyn concentration, we used Pierce Detergent 

Compatible Bradford Assay Kit (Thermo Scientific, Cat# 23246). We created a standard 

curve using BSA with known concentrations in protein buffer (100 mM NaCl, 50 mM 

Tris, pH 9.0). We measured the absorbance at 595 nm and subtracted the blank 
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reading without BSA from the absorbance measurements. We fitted the standard curve 

to a linear model and quantified the aSyn concentration from the best-fit parameters. 
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CHAPTER THREE 

INTERACTIONS OF MATRIX METALLOPROTEASES WITH ALPHA-SYNUCLEIN 

3.1  Introduction 

 Lewy bodies, intraneuronal cytoplasmic protein aggregates, are commonly 

observed in the brains of patients with AD and PD [6]. ASyn is often the common 

protein detected in Lewy bodies observed in AD and PD [107]. An established body of 

evidence shows that the C-terminal truncation of aSyn by proteases leads to protein 

aggregation and Lewy body formation. Both intracellular and extracellular proteolytic 

systems take part in the breakup of aSyn [6]. As such, partial cleavage of aSyn explains 

aggregates due to fibrillation and misfolding [107, 150, 151]. Although aggregates could 

be a consequence instead of a cause of AD and PD, the uncontrolled aggregation will 

lead to cell death and worsening of effects[2, 152-154]. As such, there is a need to find 

ways to degrade existing aggregates.  

 A growing body of evidence shows that matrix metalloproteases (MMPs) can 

partially cleave aSyn [16-20]. Prior reports have shown that MMP1, MMP2, MMP3, 

MMP9, and MT1-MMP can partially cleave aSyn with the possible cleavage sites 

identified [18, 19]. MMPs are broad-spectrum proteases known to degrade extracellular 

matrix and non-matrix proteins, but a growing body of evidence suggests proteolytic and 

non-proteolytic intracellular functions of MMPs [10, 18, 19]. MMPs are found in 

extracellular space, intracellular space, blood, intestine, brain, and can alter the blood-

brain barrier [11, 12, 36-39]. The implication of MMPs in partial cleavage of aSyn is 

significant because tetracycline, a well-known inhibitor of MMPs, has shown therapeutic 
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potential in AD  and PD [13, 40, 41, 155, 156]. The broad-spectrum protease activity of 

MMPs not only leads to aSyn-induced aggregation, but it might also be useful in 

degrading existing aSyn-induced aggregates. However, it is not clear yet how MMPs 

might affect aSyn-induced aggregates, which are water-insoluble and challenging to 

study using standard biochemical assays. To this end, we have developed a single-

molecule tracking approach and weight-based activity assay to study water-soluble 

MMPs interacting with water-insoluble substrates. As such, it is possible to study MMP 

activity on aSyn-induced aggregates at the single-molecule level. 

 However, it is not enough to know how MMP interacts with aggregates. Due to 

broad-spectrum activity, targeting MMPs for improving human health is challenging 

because MMPs interact with and degrade many proteins in the human body [14]. Due to 

such diverse functions, any drug used for inhibiting MMPs results in adverse side 

effects [15]. As such, there is only one FDA-approved MMP inhibitor (doxycycline 

hyclate) [157]. To circumvent this problem, we need to understand the mechanisms 

behind diverse functions. The catalytic domain sequence of MMP1 is very similar to 

other MMPs in the family. However, the hemopexin domain sequence varies [158, 159], 

suggesting that differences in activity and substrate specificity among MMPs are due to 

allosteric (distant from the catalytic site) communications [160, 161]. Recently, we 

reported activity-dependent MMP1 dynamics and allosteric communications on type-1 

collagen fibrils and fibrin [11, 162]. We showed that functionally relevant conformations 

have the catalytic and hemopexin domains of MMP1 well-separated. These open 

conformations often accompany a larger catalytic pocket opening of MMP1, enabling 

the substrates to get closer to the active site of MMP1. Building on this, we have the 
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opportunity to define dynamics and allosteric communications of MMP1 on aSyn-

induced aggregates. 

 

 

Figure 3.1. Activity-dependent interdomain dynamics of MMP1 on aSyn-induced 
aggregates at 22 ºC with 100 ms time resolution.  (a) Relative positions of the MMP1 
domains and residues created using PDB ID 4AUO. (b) Light microscopy image of aSyn-
induced aggregates on a slide. For MMP1-treated aggregates, see Figure 3.2. (c)  Emission 
intensities of the two dyes attached to active MMP1. (d) and (e) Area-normalized histograms 
of MMP1 interdomain distance (bin size=0.005) without ligand and in the presence of 
tetracycline (an inhibitor), respectively, for active (blue) and inactive (orange) MMP1. All 
histograms are fitted to a sum of two Gaussians (active: solid blue line; inactive: solid red 
line). (f) and (g) Autocorrelations of MMP1 interdomain distance without ligand and in the 
presence of tetracycline, respectively, for active (blue) and inactive (orange) MMP1. All 
autocorrelations are fitted to exponentials and power laws (exponential fit to active: dashed 
black line; power-law fit to active:  dashed red line; exponential fit to inactive: solid black line; 
power-law fit to inactive:  solid green line). The error bars in histograms and autocorrelations 
represent the square roots of the bin counts and the standard errors of the mean (SEM) and 
are too small to be seen. For best-fit parameters for histograms and autocorrelations, see 
Table 3.1 through Table 3.3. 
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Figure 3.2. Light microscope images of aSyn-induced aggregates stained with Congo 
red. (a) Aggregates on a slide treated with protein buffer. (b) Aggregates on a slide treated 

with active MMP1 at 22 C for 30 min. (c) Aggregates on a slide treated with inactive MMP1 

at 22 C for 30 min. 

 

 We report measurements of activity-dependent MMP1 interdomain dynamics on 

aSyn-induced aggregates of E. coli proteins at the single-molecule level. MMP1 prefers 

open conformations on aSyn-induced aggregates, and these conformations are 

inhibited by tetracycline. A two-state Poisson process describes the interdomain 

dynamics of MMP1 on aggregates. Since aSyn-bound MMP1 crystal structures are not 

available, we used ClusPro for molecular docking of MMP1 with aSyn. We performed 

all-atom simulations of different binding poses to calculate the interdomain dynamics 

and compare them with experimental dynamics. It appears that the pose with MMP1 

bound to the middle U-shaped region of aSyn structure leads to dynamics similar to 

experimental dynamics. We used this experimentally guided binding pose to quantify 

allosteric communications. We also determined the potential ligand binding sites and 

performed virtual screening against one of these binding sites to compare the lead 

molecules for free and aSyn-bound MMP1, which showed substrate dependence of 

virtual screening. Our results pave the way for substrate-dependent virtual screening 
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guided by molecular insights that may enable inhibition of aggregation and degradation 

of aggregates. 

3.2  Activity-dependent MMP1 dynamics on aSyn aggregates 

 We purified catalytically active (E219) and inactive (Q219) MMP1 using a 

protease-based method described in our previous publication. Both active and inactive 

MMP1 had SER142CYS mutation in the catalytic domain and SER366CYS mutation in 

the hemopexin domain for labeling with the Alexa555 (donor)-Alexa647 (acceptor) 

FRET pair. Labeling does not affect the activity of MMP1. To distinguish the effects of 

enzymatic activity despite potential problems due to the labeling of dyes' photophysical 

properties, we used inactive MMP1 as control. Since aSyn-induced aggregates are 

water-insoluble, we created a thin layer of aggregates on a quartz slide. We flowed 

water-soluble MMPs to image the dynamics of MMP1 using a TIRF microscope. We 

used a laser at 532 nm to excite Alexa555 (see methods). MMP1 undergoes 

interdomain dynamics and the distance between Alexa555 and Alexa647 changes. As a 

result, the non-radiative energy transfer due to FRET between the two dyes changes. 

Low FRET conformations lead to high Alexa555 emission, whereas high FRET 

conformations lead to low Alexa555 emission. Anticorrelated Alexa647 and Alexa555 

emissions, IA and ID, respectively, indicate the conformational dynamics of MMP1. We 

calculated FRET using the equation IA/(IA+ID), where each FRET value determines the 

separation between the two MMP1 domains. We plotted the distribution of FRET values 

to determine the MMP1 conformations. We calculated the correlation between 

conformations to determine how a conformation at one time is related to another 

conformation at a later time. A sum of two Gaussians fits the histograms, whereas an 
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exponential fits the correlations. We fitted both power-law and exponential to the 

autocorrelations because these are the most common decay types of correlations. The 

best-fit parameters are in Table 3.1. The fit parameters b1 and b2 are the two states, S1 

and S2, respectively. We fitted exponential and power-law distributions to the 

experimental autocorrelations in Figure 3.1. Power law distribution does not fit the 

experimental autocorrelations. The best-fit parameters for the exponential fits are in 

Table 3.2.  The kinetic rates of interconversion between S1 and S2 are in Table 3.3. 

The error bars represent the standard errors of the mean. 

Table 3.1. Gaussian best-fit parameters for experimental histograms. 

 

 

 

Table 3.2. Exponential best-fit parameters for experimental correlations. 
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Table 3.3. Kinetic rates calculated from histograms and correlations.  

 

 

3.3 A two-state Poisson process describes MMP1 dynamics 

 Recently, we published a quantitative analysis of MMP1 dynamics on collagen 

fibrils [163] and fibrin [164]. The histograms reveal conformations of MMP1, and the 

autocorrelations show the relation between conformations at different time points. A 

sum of two Gaussians fits the histograms of smFRET values, and an exponential fits the 

autocorrelations. As such, a two-state Poisson process describes the conformational 

dynamics of MMP1 and enables a straightforward interpretation of the decay rates of 

correlations [163]. We can establish a quantitative connection between the two states 

obtained from the Gaussian fits and the exponential fits' decay rates. We defined the 

two Gaussian centers as the two states, S1 (low FRET) and S2 (high FRET). Also, we 

defined the two kinetic rates as k1 (S1→S2) and k2 (S2→S1) for interconversion 

between S1 and S2. For a two-state system, the ratio of rates (k1/k2) is the ratio of 

Gaussian area(S2)/area(S1), and the sum of rates (k1+k2) is the decay rate of 

autocorrelation. We calculated k1 and k2 from k1/k2 and k1+k2 for both active and 

inactive MMP1. Using experimentally determined S1, S2, k1, k2, and noise (widths of 

the histograms), we simulated smFRET trajectories and analyzed the simulated data 

similar to the experimental data. Comparing experimentally determined inputs (Table 

3.1 – Table 3.3) and recovered parameters from two-state simulations (Table 3.5 – 
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Table 3.7) shows that a two-state Poisson process describes MMP1 interdomain 

dynamics. 

Table 3.4 Input parameters for simulated histogram and autocorrelations in Figure 3.2. 

 

 The two states are S1=0.46 and S2=0.52 on aSyn-induced aggregates for active 

MMP1 without ligand (Table 3.1). In comparison, the two states are S1=0.44 and 

S2=0.55 on collagen [164] and S1=0.42 and S2=0.51 on fibrin [164] for active MMP1 

without ligand. The correlation decay rate of 0.08 s-1 on aSyn-induced aggregates for 

active MMP1 without ligand (Table 3.1). In comparison, the decay rates are 0.13 s-1 on 

collagen [163] and 0.08 s-1 on fibrin [164] for active MMP1 without ligand. In the 

presence of tetracycline, the two-state description still applies even though the two 

states and interconversion rates between them change compared to the dynamics 

without ligand (Table 3.4). We performed two-state simulations with and without noise to 

study how noise affects the histograms and autocorrelations. Both power law and 

exponential fit the autocorrelations of simulated smFRET trajectories without noise 

(Figure 3.3f). However, only an exponential fits the autocorrelations with noise. In other 

words, the presence of noise can convert a power-law correlation into an exponential 

correlation. This effect is similar to the conversion of a Lorentzian line shape into a 

Active MMP1 (No ligand) Inactive MMP1 (No ligand)

S1 0.46 0.51

S2 0.52 0.58

k1 0.01 s-1 0.04 s-1

k2 0.07 s-1 0.02 s-1

k1 + k2 0.08 s-1 0.06 s-1

σ1 0.08 0.10

σ2 0.04 0.06
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Gaussian line shape [165]. Note that an exponential fit recovers the simulated kinetic 

rates' underlying sum with and without noise (Table 3.5 – Table 3.7).  

 

Table 3.5 Recovered Gaussian fit parameters from simulated histograms. 

 

 

 

Figure 3.3. Stochastic simulation of MMP1 interdomain dynamics as a two-state system. 
(a) and (b) Examples of simulated smFRET trajectories with and without noise, respectively, 
for active MMP1 (blue) and inactive MMP1 (orange) using experimentally determined 
parameters for MMP1 without ligands. (c) Area-normalized histograms of simulated smFRET 
values with noise (active: blue; inactive: orange) with best fits to a sum of two Gaussians (solid 
black line). (d) Autocorrelations of simulated smFRET trajectories with noise (active: blue; 
inactive: orange) with best fits to exponentials (active: dashed black line; inactive: solid black 
line). Power law does not fit autocorrelations (active: dashed red line; inactive: solid green line). 
(e) Area-normalized histograms of simulated smFRET values without noise (active: blue; 
inactive: orange) with best fits to a sum of two Gaussians (solid black line). (f) Autocorrelations 
of simulated smFRET trajectories without noise (active: blue; inactive: orange) with best fits to 
exponentials (active: dashed black line; inactive: solid black line). Both exponential and power-
law fit autocorrelations (active: dashed red line; inactive: solid green line). The error bars are 
the SEMs for histograms and autocorrelations and are too small to be seen. 
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Table 3.6. Power law recovered parameters. 

 

 

Table 3.7. Exponential fit recovered parameters. 

 

 

3.4  MMP1 dynamics depend on the aSyn-MMP1 binding pose  

 Since crystal structures of aSyn-bound MMP1 do not exist, we determined the 

binding poses of aSyn (PDB ID 1XQ8) and MMP (PDB ID 4AUO) computationally using 

molecular docking software ClusPro [164, 165]. Figures 3.4a-c show three such binding 

poses. We selected these poses based on known cleavage sites of aSyn targeted by 

MMP1 because the computational binding energy may not be the best indicator of 

appropriate docking poses [166]. We performed all-atom MD simulations for the three 

binding poses (Figure 3.4) and calculated the catalytic pocket opening (Figures 3.4d-f) 

and interdomain separation (Figures 3g-i) of MMP1. Since MMP1 stabilized within ~5 ns 

(Figure 3.6), we performed simulations for 20 ns.  
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Figure 3.4. MMP1-aSyn binding pose-dependent dynamics of active MMP1 at 37 C. (a), 
(b), and (c) Three binding poses of MMP1 at different locations of aSyn. (d), (e), and (f) Area-
normalized histograms of the catalytic pocket opening of MMP1 for poses 1, 2, and 3, 
respectively. (g), (h), and (i) Area-normalized histograms of interdomain separation of MMP1 
for poses 1, 2, and 3, respectively. (j), (k), and (l) Linear correlation plots of catalytic pocket 
opening and interdomain distance for poses 1, 2, and 3, respectively.  The data were fitted to 

0 1 i iy b b x= +  . Note that a larger domain separation corresponds to a lower FRET value. Time 

resolution=2 fs, Data saved every 5 ps, RMSD stabilization time for MMP1=~5 ns, Total 
simulation duration=20 ns. For best-fit parameters, see Table 3.8 – Table 3.9. 
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Table 3.8. Gaussian best-fit parameters for simulated histograms. 

 

 

Table 3.9. Linear correlation best-fit parameters. 

 

 

 Previously, we reported a positive correlation between the catalytic pocket opening 

and interdomain separation for MMP1 dynamics on collagen [167] and fibrin [168]. Based 

on the criterion of positive correlation, it appears that binding pose 3 is likely to be one of 

the most appropriate binding poses. Previous reports of MMP1 cleavage sites on aSyn 

are consistent with our suggestion that pose 3 is a suitable binding pose. 
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Figure 3.5. All-atom MD simulation of MMP1 interdomain dynamics at 22 C. (a) Area-
normalized histograms of simulated interdomain distance (active: blue; inactive: orange) with 
best fits to a sum of two Gaussians (solid black line). (b) Autocorrelations of simulated 
interdomain distance (active: blue; inactive: orange) with best fits to exponentials (active: 
dashed black line; inactive: solid black line). Power law does not fit autocorrelations (active: 
dashed red line; inactive: solid green line). (c) Linear correlation plots of catalytic pocket 
opening and interdomain distance. (d) and (e) Correlations between residues for active and 
inactive MMP1, respectively. (f) Shannon entropy calculated from correlation plots for active 
(S=3.01±0.01, mean±SEM) and inactive (S=3.06±0.01, mean±SEM). 
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Figure 3.6. Stabilization of dynamics. RMSD for active (blue) and inactive (orange) MMP1 

without ligands at 22 C. We defined the input structure at t=0 as the reference structure and 
calculated the root-mean-square-displacement (RMSD) to check the simulations' stabilization. 
Simulations of MMP1 dynamics stabilize in ~5 ns. As such, we simulated 20 ns long dynamics 
for different conditions.   

 

3.5  Shannon entropy enables quantification of allosteric communications 

 Proteins are inherently flexible biomolecules having both intra- and interdomain 

motions. Two types of randomness appear as proteins interact with their surroundings 

and substrates. At a particular time point, the amino acids' locations and angles have a 

spatially random component. As time progresses, proteins sample through different 

conformations leading to temporal randomness. Such correlated or collective 

fluctuations are essential for functions, including allosteric regulation, generation of 

mechanical work, catalysis, ligand binding, and protein folding [164, 169-174]. 

Correlated allosteric motions decrease the conformational entropy and affect the 

kinetics and thermodynamics of biological processes [175]. Shannon entropy is a 

quantitative measure to describe randomness in computer science and pattern 
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recognition and has been successfully applied to quantify allostery in proteins to gain 

insights into their functional relevance [176-179]. 

 

Figure 3.7. Pose-dependent correlation between residues of active MMP1 and 
quantification of allostery using Shannon entropy. (a), (b), and (c) Correlations between 

residues for poses 1, 2, and 3, respectively,  at 37 C. (d), (e), and (f) Shannon entropy 
calculated from correlation plots for poses 1 (S=3.07±0.02, mean±SEM), 2 (S=3.10±0.01, 
mean±SEM), and 3 (S=3.05±0.01, mean±SEM), respectively. For details, see Calculation of 
Entropy in section 3.9.7. 

 

 Since a correlated motion suggests a decrease in randomness or lower entropy, 

we calculated correlations between each pair of residues in MMP1 and estimated 

entropy (Figure 3.7). We divided all-atom simulations into 1 ns long windows. In each 1 

ns window, there were 200 radial coordinates for residues. We calculated the 

correlations between every pair of residues and normalized them to a range of 0 to 1 by 

subtracting the minimum and then dividing by the maximum. Figures 3.7a-c show the 

matrix of correlation values at lag number 1, averaged over 20 ns. We divided the 
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correlation values to create 10 bins of width 0.1, calculated 1010 gray-level co-

occurrence matrix (GLCM), and defined Shannon entropy 
ln

i i
S p p= − , where i

p
 is the 

probability of a microstate i . The catalytic domain residues (F100-Y260) have strong 

correlations with the hemopexin domain residues (D279-C466), suggesting allosteric 

communications in MMP1 (Figures 3.7a-c). The time-evolutions of Shannon entropy are 

shown in Figures 3.7d-f. Pose 3 has the lowest entropy consistent with the functionally 

relevant binding pose. 

3.6  Experimentally-measured dynamics agree with MD simulation dynamics 

 We performed all-atom MD simulations of the binding pose 3 at 22 C for active 

and inactive MMP1. Figure 3.5a shows the distributions of the interdomain distance 

between S142 and S366. In agreement with experiments (Figure 3.1d), active MMP1 

adopts conformations with the two domains separated more than inactive MMP1. Also, 

simulated dynamics correlations (Figure 3.5b) follow the experimental pattern (Figure 

3.1f), with inactive MMP1 having higher values with longer correlation times. We used 

experimentally consistent simulations to gain further insights. First, the correlation 

between the catalytic pocket opening and interdomain separation for active MMP1 is 

higher than inactive MMP1 (Figure 3.5c). A larger catalytic pocket opening enables 

substrates to get closer to the active site. Second, the two-dimensional correlation plots 

show allosteric communications between the two domains (Figures 3.5c-d). Third, 

Shannon entropy describing the randomness of two-dimensional correlations plots 

shows a lower value for active MMP1 than inactive MMP1 (Figure 3.5f). 
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3.7 Catalytic site changes and identification of allosteric residues on MMP1 

 We performed MD simulations for free MMP1 (Figure 3.8a) and compared them 

with the simulations (Figure 3.7c) for pose 3 (Figure 3.4c) of aSyn-bound MMP1. The 

comparison revealed how the conformations of MMP1 catalytic motif HELGHSLGLSH 

changed. We considered the catalytic residue E219 as the origin and then plotted the 

pairwise distance with the catalytic motif residues in three dimensions. The symbol size 

of the locations is proportional to the standard deviation of the pairwise distance (Figure 

3.8b). The configuration at the MMP1 catalytic site changes considerably as free MMP1 

binds aSyn.  

 We plotted histograms of correlation values for free and aSyn-bound MMP1 and 

determined the threshold correlation values at 0.8 (peak probability density (~2.3) 

divided by e) (Figure 3.8c). We found all the residues with normalized correlations 

greater than 0.8 in Figure 3.7c and Figure 3.8a with the catalytic motif residues 

HELGHSLGLSH and compared the residues between free MMP1 and aSyn-bound 

MMP1. We identified that 377 and 466 have exclusive correlations with the catalytic 

motif residues only MMP1 binds aSyn. This is significant because it may be possible to 

identify exclusive residues for other substrates of MMP1 and control one MMP1 function 

without affecting the other functions. 

3.8  Lead molecules from virtual screening differ upon substrate binding 

 Guided by experiments and simulations, we determined that pose 3 is likely a 

relevant binding pose between MMP1 and aSyn. We used the experimentally-informed 

binding pose for the virtual screening of molecules.  Virtual screening enables testing 
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considerably more ligands economically and faster than high-throughput experimental 

screening. A wide range of strategies can be divided into ligand-based and structure-

based virtual screening [180]. 

 

Figure 3.8.  Conformational changes near the catalytic motif and identification of 
allosteric residues on MMP1.  (a) Normalized correlations between each pair of residue for 
free active MMP1 at 37 °C. (b) Three-dimensional configurations of the catalytic motif 
residues for free active MMP1 (black) and aSyn-bound MMP1 (red) at 37 °C. (c) Histograms 
of correlation values of free MMP1 (black) and aSyn-bound MMP1 (red). 

 

 In ligand-based virtual screening, known ligands against a target serve as 

benchmarks to screen for more ligands with similar properties. In contrast, structure-

based screening uses the binding sites on a target to screen molecules leveraging the 

conformational changes and energetic complementarity upon ligand binding. Since 

MMP1 has broad-spectrum protease activity, we determined the binding sites on free 

MMP1 and aSyn-bound MMP1 to investigate a substrate's effects. We predicted the 

potential ligand-binding sites using AutoLigand and MGLTools 1.5.7 and selected a 

potential binding site in the hemopexin domain of MMP1 to screen for allosteric ligands 

(Figure 3.9).  
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 We performed screening against the selected site in the hemopexin domain for 

free MMP1 and two poses of aSyn-bound MMP1. We performed molecular docking 

using AutoDock and set up the virtual screening with Raccoon 1.1. We used default 

AutoDock docking parameters (see supplementary information) to determine the 

binding affinities for a collection of 1,400 FDA-approved compounds from the ZINC15 

database.  

 

Figure 3.9. Substrate- and pose-dependent virtual screening against MMP1. (a) MMP1 
bound to Plerixafor (green and blue spheres), the top hit against free MMP1. We performed 
virtual screening against the same site for free MMP1, pose 1, and pose 3. (b) and (c) Venn 
diagrams of top 10 and 100 molecules show unique and common ligands. (d) Identities and 
affinities for the top 10 molecules. For docking parameters, see Figure 3.10. 
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Figure 3.10. Small molecule virtual screening. An example of Autodock parameters shared 
amongst ligands 
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We used FDA-approved molecules because those provide a smaller set of 

commercially available molecules. We fixed the otherwise flexible side chains. Flexible 

side chains would have given slightly more accurate screening but would require more 

computational time. We found that the lead molecules against MMP1 change depending 

on the substrate and pose. Figures 3.8b-d show the top molecules for free MMP1 and 

the two aSyn-MMP1 binding poses, suggesting that substrate binding and different 

poses can lead to different results. Venn diagrams of molecules (Figure 3.8a) show that 

there are molecules unique to each case. The ligand-binding site was common to free 

MMP1, pose 1, and pose 3. However, conformational differences in the three cases 

impact the virtual screening. The unique molecules for each case suggest that we 

should perform substrate-specific screening to identify unique ligands, thus resolving 

problems arising from MMP promiscuity.  

3.9 Summary 

 In summary, we measured the interdomain dynamics of MMP1 on aSyn-induced 

protein aggregates and modeled the dynamics as a two-state Poisson process. 

Distributions of conformations and correlation decay rates of MMP1 on aSyn-induced 

aggregates follow the general pattern that we previously reported for collagen and fibrin, 

i.e., open MMP1 conformations are functionally relevant, and there are time-dependent 

correlations of conformations [181, 182]. 

 Since there is no crystal structure for aSyn-bound MMP1, we determined the 

binding poses using molecular docking. We performed all-atom simulations of dynamics 

for different binding poses between aSyn and MMP1 and compared them with single-

molecule measurements of dynamics. A comparison of experiments and simulations 
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suggests that the pose in which MMP1 binds to aSyn near TYR39 (pose 3) leads to a 

better match with experiments. However, there are two important caveats. First, we 

performed simulations on aSyn monomer, but the experiments were done on 

aggregates. We took a similar approach for collagen and found that simulations on 

collagen monomer agreed with experiments on collagen fibril when the collagen 

backbone was restrained, suggesting strains in collagen monomers inside collagen 

fibrils. For aSyn, we did not have to restrain the aSyn backbone for agreement between 

simulations and experiments, suggesting a lack of strain in aSyn-induced aggregates 

[163]. Second, aSyn is considered an intrinsically disordered protein that assumes 

structure upon binding substrate [51, 164]. Also, aSyn purified from neuronal and non-

neuronal cell lines generally suggests a "natively folded" ~58 kDa tetrameric form [139, 

140]. Nevertheless, the combined experiment-simulation approach using the monomer 

structure of aSyn provides a starting point for molecular-level understanding.  

 We used experimentally guided simulations to quantify the randomness of 

dynamics by calculating correlations between each pair of residues in MMP1. We 

defined another matrix called GLCM to define Shannon entropy from the correlation 

matrix to quantify the randomness with a single number at each time point. The entropy 

for active MMP1 is smaller than inactive MMP1, suggesting that MMP1 activity may be 

entropy-driven because a lower entropy (stabilized conformations) is likely essential for 

substrates to get closer to the active site for a long enough duration for catalysis.  

 We performed virtual screening of molecules against aSyn-bound MMP1 and 

compared it with free MMP1. To this end, we found that the potential ligand-binding 

sites change upon binding aSyn and depend on the binding pose. As such, we selected 
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an allosteric binding site on MMP1 and screened 1,400 FDA-approved molecules 

against the site for free MMP1 and two binding poses with aSyn. The lead molecules 

and their scores change upon binding the substrate and depend on the binding pose. 

Therefore, substrate-dependent binding sites and lead molecules suggest that any effort 

to target MMP1 may need to consider the substrate, the binding pose, and the ligand-

binding site. The synergistic combination of experiments and simulations enables 

modulation of MMP1 activity using molecular insights at the single-molecule level. It 

may pave the way for substrate-specific control of MMP activity using allosteric ligands. 

3.10 Materials and Methods 

 This section will outline the material and methods for the experiments described 

in chapter 3. This includes reference to chapter 1 for the formation of the aggregate, the 

methodology for the biochemical assays and conditions for MD and other in silico 

simulations. 

3.10.1 Purification of MMP1 and aSyn 

 The MMP1 and aSyn sequences were inserted into the pET21b+ and pET11a 

vectors, respectively, between NdeI (N-terminal) and HindIII (C-terminal) restriction 

sites. We transformed the plasmids into Rosetta (DE3) pLysS E. coli (Millipore, Cat# 

70956-4) for protein expression. We purified MMP1 and aSyn, as described in our 

previous publications [48, 183]. The method of purifying aSyn also produced aSyn-

induced aggregates used in experiments.  

3.10.2 Measurements of MMP1 interdomain dynamics  
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 For smFRET measurements of MMP1 interdomain dynamics, we mutated two 

serine residues in MMP1 at locations 142 and 366 to cysteines for labeling with 

Alexa555 and Alexa647 dyes. In addition, we introduced the E219Q mutation in the 

catalytic domain to create a catalytically inactive mutant of MMP1. We spread aSyn-

induced aggregates and made a thin layer on a quartz slide. We made a flow cell for 

single-molecule experiments using a piece of double-sided adhesive tape sandwiched 

between the quartz slide and a glass coverslip. Labeled MMPs were flowed into the flow 

cell and excited at 532 nm wavelength using the evanescent wave created at the quartz 

slide and sample buffer interface in a Total Internal Reflection Fluorescence (TIRF) 

microscope. We acquired two-channel movies to detect emissions from Alexa555 and 

Alexa647. Any relative motion between the two MMP1 domains would lead to a non-

radiative transfer of energy from Alexa555 to Alexa647 due to FRET, increasing the 

emission from Alexa647 (IA) and simultaneously reducing the emission from Alexa555 

(ID). We calculated FRET efficiency by IA/( IA+ ID) [184]. Single-molecule experiments 

and analyses have been described in our previous publications [185-188]. 

3.10.3 All-atom simulations 

 We removed all zinc and calcium ions and the water molecules from PDB ID 

4AUO and replaced the missing side-chain atoms using Chimera's rotamer tool. PDB 

files for active and inactive MMP1 were created by replacing A219 with E219 and Q219, 

respectively, using Pymol's mutagenesis function. We used Gromacs 2019.6 with the 

Gromos96 43a1 force field to perform the MD simulations. We ignore the hydrogen 

atoms while creating the topology file. Each simulation ran 20 ns long, simulated at 2 

fs/step, and sampled every 5 ps. Each MMP1 crystal was placed in a cubic box with 3D 
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period boundary conditions and solvated with water (using a single point charge model 

(SPC)) and Na counter-ions to create a neutral system. We then used the steepest 

descent algorithm to minimize the solution's energy. To equilibrate the solution with the 

protein complex, we used NVT and NPT ensemble simulations. First, we performed the 

NVT simulation and set the mean temperature at the desired temperature of 295 K (22 

C) or 310 K (37 C) using a Berendsen thermostat for 100 ps. We used the Verlet cut-

off scheme for neighbor searching and updated the neighbor list every 20 fs. We used 

the particle mesh Ewald scheme to calculate the electrostatic interactions with a cubic 

interpolation order of 4 and a cut-off at 1 nm. We assigned initial velocities using a 

Maxwell distribution from the corresponding temperature. In the NPT simulation, we 

maintained velocities from the NVT simulation output, and the pressure was set to 1 bar 

using a Parrinello-Rahman barostat for an additional 100 ps. Once the NVT and NPT 

simulations finished and the system equilibrated, we removed the position restraints and 

ran the production MD for 20 ns. We edited the final coordinates in the trajectory file to 

correct for periodicity and center the protein complex. The distances between the 

catalytic pocket residues and the serine residues (interdomain distance) are then 

measured at every time step using the Gromacs distance function. We measured the 

interdomain separation between the nitrogen atoms of residues S142 and S366 and the 

catalytic pocket opening between the nitrogen atoms of residues N171 and T230. To 

calculate the correlation and Shannon entropy, we recorded the nitrogen atom's 

coordinates in each residue of MMP1. 

3.10.4 Analysis of experimental and simulated interdomain dynamics 
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 We chose the histograms' bin width to be at least the inverse of the sample size's 

square root, i.e., 1/ N , N is the number of data points. We calculated the error of count 

in each bin as the square root of the bin count. Both the bin counts and errors were 

divided by the area of the histogram to create the area-normalized histogram 

(probability density function).  The area under the normalized histogram equals 1. We 

fitted a sum of two Gaussians to the histograms: 
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         (3.1) 

where a's, b's, and c's are amplitudes, centers, and widths of the Gaussians. The 

parameters b1 and b2 are the two states, S1  and S2. 

To calculate correlations, we subtracted the average value from each trajectory and 

used the following equation to calculate correlations: 
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where 
C

 is the correlation at lag number  , N is the number of points in a FRET 

trajectory, and ( )I t  is the FRET value at .t  For autocorrelations, both factors in curly 

brackets were from the same time series. For cross-correlations, the two factors in curly 

brackets were from different time series. 

 We normalized correlations by dividing correlation values at each lag by 0
.C

 =  We 

fitted correlations between 1 =  and 1000 =  to both power-law and exponential 

(3.2) 
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distributions. For power law, we used a form of Pareto distribution [189] that satisfies 

the boundary conditions, i.e., 
1

0
C


=
= at 0t =  and 

0C


=
=  at .t =  

We fitted the following equations of power-law and exponential functions: 
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 To quantify correlations between the catalytic pocket opening and interdomain 

separation from simulations, we used the interdomain distance as the single predictor 

variable for the catalytic pocket distance in a linear model. A linear model describes a 

response variable as a function of predictor variables. Linear models are often fit using 

a method known as statistical regression. There are different regression methods used, 

depending on the number of predictor variables. When using only one predictor 

variable, the regression method is known as the simple linear regression, which we 

used for quantifying correlations. We used the following equation: 

     0 1 i iy b b x= + 
       

 Where b0 and b1 are the estimated fit parameters. There are also a few different 

methods to estimate the parameters of the linear model. The most-used approach is the 

least-squares operator, which finds the slope through the data that minimizes the 

squared distance between the fit and the residues.  There is still uncertainty in these 

estimations, no matter which method we used. Confidence bands visually represent the 

uncertainty in linear models by showing the range of possible slopes. We calculated the 

95% confidence interval of each predictor value's mean. 

(3.3) 

(3.4) 

(3.5) 
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3.10.5 Small molecule putative binding sites on MMP1 

 For virtual screening, we selected free MMP1 and two poses of aSyn-MMP1 

binding. First, we predicted potential putative binding sites using AutoLigand and 

MGLTools 1.5.7. We assigned hydrogen atoms (including polar hydrogens) and 

Gasteiger partial charges to each of the two aSyn-bound MMP1 poses and free MMP1. 

Zinc and calcium ions were removed. A grid map with 1Å spacing was then applied to 

the hemopexin and catalytic domains in addition to the linker region, making the docking 

unbiased for different binding sites, especially allosteric ones. AutoLigand was then 

used to define four binding site calculations per structure, beginning with 100 points to 

define the volume of the binding envelope, then increasing the number of points to 200, 

300, and finally 400. The binding envelopes defined were analyzed using AutoDock, 

and results visualized using MGLTools and VMD. 

3.10.6 Virtual screening of small molecules against a putative site on MMP1 

 We performed molecular docking using AutoDock, and the virtual screening was 

set up with Raccoon 1.1. The receptor was considered rigid, and rotatable bonds 

imparted flexibility to the ligands. We used default AutoDock docking parameters (see 

supplementary information) to determine the small-molecule binding affinities. A 

collection of 1,400 FDA-approved compounds were obtained from the ZINC15 

database. We began by importing the ligand multiple structure MOL2 file into Raccoon. 

Each ligand was automatically converted into a separate PDBQT while settling 

hydrogen atoms and partial charges. We calculated a set of new grid map files with a 

grid spacing of 0.37Å to include the selected putative binding site from the binding site 

prediction.  For each of the three cases (free MMP1 and two aSyn-MMP1 poses), 100 
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ligands with the lowest binding affinities were identified. The lead molecules' ZINC IDs 

were converted to chemical IDs (CIDs) for comparison. The top 10 ligands were 

identified by their common names. 

3.10.7 Calculation of Entropy 

 

Figure 3.11. Calculation of GLCM and entropy. 

 

 We calculated the Gray-Level Co-Occurrence Matrix (GLCM) [190] from the two-

dimensional correlation plots. Then, we defined the Shannon entropy [191] from the 

GLCM. We describe the steps for calculating the Shannon entropy of MMP1 

conformational dynamics in Figure 3.10 using an arbitrary 55 matrix, where each 

element of the matrix has a value between 0 and 3. In other words, we have a 2-bit 55 

matrix in Figure 3.10. The dimension of GLCM depends on the number of possible 

values (0, 1, 2, 3), i.e., 44 for the 55 matrix in Figure 3.10. 

 We calculated the GLCM at 0, i.e., we only considered the next neighbor on the 

left and right. For example, we calculated the (0,0) element of GLCM by finding the 

value 0s in the original 55 matrix and counting the number of times 0s appear on the 

left and right. The number is 0, and as such, the (0,0) element of GLCM is 0. To 
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calculate the (0,1) element of GLCM, we found the value 0s in the original 55 matrix 

and counting the number of times 1s appear on the left and right. The number is 2, and 

as such, the (0,1) element of GLCM is 2. We repeated this process for all the elements 

of GLCM and obtained the matrix in the middle (Figure 3.11). We calculated the sum of 

all elements and divided each element by the sum to obtain the normalized GLCM at 

the left (Figure 3.11). We used 
( ), ,lni j i jS p p= − , where ,i jp

 is the (i,j) element of 

GLCM  to quantify the Shannon entropy. By definition, we considered 
( ),ln 0i jp =

 for 

, 0i jp =
. Note that one can calculate GLCM at other angles [190]. For MMP1 

conformational dynamics, the dimension of correlation matrices is 267267.  We divided 

the correlation values between 0 and 1 into 10 bins of width 0.1. As such, the dimension 

of GLCM for MMP1 dynamics is 1010. 
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CHAPTER FOUR 

INTERACTIONS OF MATRIX METALLOPROTEASES WITH AMYLOID-BETA 

4.1  Introduction 

 Extracellular amyloid plaques, a key hallmark of AD [192], are mostly composed 

of Aβ [193]. Proteolytic cleavage of amyloid precursor protein (APP) by -secretase 

leads to non-amyloidogenic fragments, neuroprotection, and memory enhancement 

[194]. With age, non-specific fragmentation by β-secretase and γ-secretase becomes 

prevalent and amyloidogenic fragments, including Aβ(1–40) and Aβ(1–42), appear in 

the extracellular space [195]. Soluble monomers, polymers, and fibrils of extracellular 

Aβ aggregate to form the amyloid plaques [196, 197]. 

 MMPs are one class of A-degrading enzymes [25]. Several MMPs in the 23-

member human MMP family interact with A  and have relevance in AD and 

neurodegeneration [198-200]. MMPs are broad-spectrum proteases with diverse 

proteolytic and non-proteolytic intracellular functions [10-12]. MMPs are ubiquitous 

throughout the human body and are found in extracellular space [36], intracellular 

space, blood, intestine, and brain [37-40]. The implication of MMPs AD and PD is 

significant because tetracycline, an inhibitor of MMPs, has shown therapeutic potential 

in AD and PD [13-15, 155, 156]. In the context of AD, an enhanced MMP1 activity 

correlates with dysfunction of the blood-brain barrier [201]. MT-MMP1 cleaves A 

between H14 and Q15 [26]. MMP9 is known to degrade Aβ fibrils in vitro, Aβ plaques in 

situ, and Aβ in vivo [9, 24, 202-204]. 
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 Degradation of A by MMPs may lead to aggregation, but the broad-spectrum 

activity of MMPs may also be useful in degrading existing A-induced aggregates. 

However, it is unclear how water-soluble MMPs interact with water-insoluble A-induced 

aggregates. Since standard biochemical assays are not suitable for studying water-

insoluble substrates, we have developed a single-molecule tracking approach and 

weight-based activity assay. We focused on MMP1, a well-studied MMP of the 23-

member human MMP family, to study how MMP1 interacts with A-induced aggregates 

at the single-molecule level. Since MMP1 interacts with diverse substrates, we need to 

put the insights into A-MMP1 interactions in the broader context of MMP1 promiscuity 

for substrate-specific targeting of MMPs in the future. The catalytic domain sequence 

across the MMP family is very similar, but the hemopexin domain sequence varies, 

suggesting a role of communications in substrate diversity and specificity [11, 160-162]. 

Recently, we reported activity-dependent MMP1 dynamics and allosteric 

communications on type-1 collagen fibrils, fibrin, and aSyn-induced aggregates [163, 

164]. We found that functionally relevant conformations on the three substrates are 

open MMP1 conformations with the catalytic and hemopexin domains well-separated. 

These open conformations often accompany a larger catalytic pocket opening of MMP1, 

facilitating the substrates to get closer to the active site of MMP1. However, we need to 

investigate whether the preference for the open conformations of MMP1 is true for all 

substrates and allosteric communications are substrate-specific.  

 In this chapter, we report measurements and analyses of MMP1 interdomain 

dynamics on water-insoluble A-induced aggregates using smFRET. We mutated S142 

and S366 to CYS for labeling with Alexa555 and Alexa647, a FRET pair of dyes. We 
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calculated the interdomain distance between S142C and S366C from the anticorrelated 

emission of the two dyes and quantitatively described the dynamics by a two-state 

Poisson process. A two-state description enables the determination of kinetic rates of 

interconversion, k1, and k2, between the two states because histograms provide the ratio 

of (k1/k2) and correlations of FRET values provide the sum (k1+k2). We performed MD 

simulations of A-bound MMP1 and matched them with experiments. We created a two-

dimensional map of fluctuation correlations between every pair of MMP1 residues to 

show strong allosteric communications in MMP1 and calculated a Gray Level Co-

occurrence Matrix to quantify Shannon entropy of the conformational fluctuations. We 

identified A-specific allosteric residues in the hemopexin domain by comparing 

residues having a normalized correlation greater than 0.8 with the catalytic motif 

residues for free and A-bound MMP1. Our method of identifying substrate-specific and 

functionally relevant allosteric residues may enable modulating one MMP1 function 

without affecting the other functions and thereby making it possible to target MMPs with 

fewer side effects. 

4.2 MMP1 dynamics on A-induced aggregates 

 Using a prism-type TIRF microscope, we measured FRET between two dyes 

attached to the two domains of MMP1 (Figure 1A). To this end, we created mutants of 

active (E219) and inactive (Q219) MMP1 with two point mutations SER142C and 

S366C (Figure 1B) for labeling with Alexa555 (donor) and Alexa647 (acceptor), a pair of 

dyes used for FRET measurements. Previously, we showed that labeling does not 

affect the activity of MMP1. Inactive MMP1 acts as a control to distinguish the effects of 

enzymatic activity from the effects of the microenvironment and photophysical 
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properties of the dyes. We created a thin layer of water-insoluble A-induced 

aggregates on a quartz slide (Figure 4.1c). We excited labeled MMPs using a 532 nm 

laser inside a flow cell as they interacted with A aggregates. As MMP1 undergoes 

interdomain dynamics, the distance and hence, FRET between Alexa555 (donor) and 

Alexa647 (acceptor) changes leading to the anticorrelated emission from the two dyes 

(Figure 4.1d). When the two MMP1 domains are distant (open conformation), we get 

low FRET values due to high Alexa555 (ID) and low Alexa647 (IA) emissions. In contrast, 

when the two MMP1 domains are closer (closed conformation), we get high FRET 

values due to low Alexa555 (ID) and high Alexa647 (IA) emissions. We calculated FRET 

values using the equation IA/(IA+ID), where each FRET value determines the distance 

between the two MMP1 domains. Area-normalized histograms of FRET values without 

ligands (Figure 4.1e) suggest that MMP1 prefers closed conformation on A 

aggregates. This is in contrast to the MMP1’s preference for the open conformations on 

collagen, fibrin, and aSyn. Although we need more studies in the future to identify the 

reason for the substrate-dependent preference for the open and closed conformations, 

it is clear that substrates play an active role in MMP1 function. A sum of two Gaussians 

fits the histograms, suggesting an equilibrium of the open and closed conformations. In 

the presence of tetracycline, a known MMP inhibitor, both active and inactive MMP1 

prefer the closed conformations more (Figure 4.1f). Previously, we argued that 

tetracycline holds the two MMP1 domains via hydrogen bonds, facilitating the 

preference for the closed conformations. We also calculated the correlation between 

conformations at different time points. We fitted both power-law and exponential 
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distributions to the autocorrelations and found that an exponential distribution fits the 

experimental autocorrelations (Figures 4.1g-h). 

 

4.3 A two-state Poisson process description of MMP1 dynamics on A-induced 
 aggregates 

 Recently, we published a quantitative analysis of MMP1 dynamics on collagen 

fibrils [163], fibrin [164], and aSyn aggregates. A two-state description of MMP1 

dynamics allows for easier interpretation of conformational histograms and correlations. 

The best-fit parameters for the Gaussian fit centers define the two states S1 (low FRET) 

 

Figure 4.1. Interdomain dynamics of MMP1 on A-induced aggregates at 22 ºC with 100 
ms time resolution. (a) Schematics of smFRET measurements using a TIRF microscope. (b) 

One of many binding poses between MMP1 and A. (c) Light microscopy image of A-induced 
aggregates on a slide. (d)  Emission intensities of Alexa555 and Alexa647 attached to active 
MMP1. (e) and (f) Area-normalized histograms of FRET values (~200,000 FRET values, bin 
size=0.005) without ligand and in the presence of tetracycline (an inhibitor), respectively, for 
active (blue) and inactive (orange) MMP1. All histograms are fitted to a sum of two Gaussians 
(active: solid black line; inactive: solid red line). (g) and (h) Normalized autocorrelations of 
FRET values without ligand and in the presence of tetracycline, respectively, for active (blue) 
and inactive (orange) MMP1. All autocorrelations are fitted to exponentials and power laws 
(exponential fit to active: dashed black line; power-law fit to active:  dashed red line; exponential 
fit to inactive: solid black line; power-law fit to inactive:  solid green line). The error bars in 
histograms and autocorrelations represent the square roots of the bin counts and the standard 
errors of the mean (SEM) and are too small to be seen. 
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and S2 (high FRET). The interconversion rates k1 (S1→S2) and k2 (S2→S1) between 

the two states from the ratio (k1/k2= the area of S2 divided by the area of S1) and sum 

(k1+k2= the decay rate of autocorrelation).  

 

The two states are S1=0.47 and S2=0.52 on A-induced aggregates for active MMP1 

without ligand. In comparison, the two states are S1=0.44 and S2=0.55 on collagen 

[163], S1=0.42 and S2=0.51 on fibrin [164], and  S1=0.46 and S2=0.52 on aSyn 

aggregates for active MMP1 without ligand. The correlation decay rate of 0.02 s-1 on A-

 

Figure 4.2. Stochastic simulation of MMP1 dynamics on A as a two-state system. (a) 
and (b) Examples of simulated smFRET trajectories with and without noise, respectively, for 
active MMP1 (blue) and inactive MMP1 (orange) using experimental parameters for MMP1 
without ligands. (c) Area-normalized histograms of simulated FRET values with noise (active: 
blue; inactive: orange) with best fits to a sum of two Gaussians (solid black line). (d) 
Autocorrelations of simulated FRET values with noise (active: blue; inactive: orange) with best 
fits to exponentials (active: dashed black line; inactive: solid black line). Power law does not fit 
autocorrelations (active: dashed red line; inactive: solid green line). (e) Area-normalized 
histograms of simulated FRET values without noise (active: blue; inactive: orange). (f) 
Autocorrelations of simulated FRET values without noise (active: blue; inactive: orange) with 
best fits to exponentials (active: dashed black line; inactive: solid black line). Both exponential 
and power law fit autocorrelations (active: dashed red line; inactive: solid green line). The error 
bars represent the standard errors of the means (SEM) for histograms and autocorrelations 
and are too small to be seen. 
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induced aggregates for active MMP1 without ligand. In comparison, the decay rates are 

0.13 s-1 on collagen [163], 0.08 s-1 on fibrin [164], and  0.08 s-1 on aSyn aggregates for 

active MMP1 without ligand.  

 We confirmed the validity of the two-state Poisson process approach to MMP1 

dynamics by simulating and analyzing smFRET trajectories using experimentally 

determined S1, S2, k1, k2, and noise (widths of the histograms). We recovered the 

parameters by analyzing the simulated smFRET similar to the analyses of experimental 

smFRET. 

 Tetracycline changes the conformational distributions of MMP1 and associated 

interconversion rates, but the two-state description remains valid. Underlying noise can 

obscure the individual states (Figures 4.2a-b), but histograms (Figures 4.2c and Figure 

4.2e) and autocorrelations (Figures 4.2d and Figure 4.2f) still recover the underlying 

parameters reasonably well. The presence of noise increases the width of 

conformational histograms, but subtly affects autocorrelations. In the absence of noise, 

both power-law and exponential distributions fit the autocorrelations (Figure 4.2f). 

However, with noise, the y-intercept of the autocorrelations decreases, and only an 

exponential distribution fits the autocorrelations. The decay rate of autocorrelations 

does not change as the noise level varies and an exponential fit recovers the underlying 

decay rate with and without noise. In other words, the presence of noise can convert a 

power-law correlation into an exponential correlation, similar to the conversion of a 

Lorentzian line shape into a Gaussian line shape by noise [165]. 

4.4 MD simulation of MMP1 dynamics 
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 Since crystal structures of A-bound MMP1 do not exist, we determined the 

binding poses of A (PDB ID 1IYT) and MMP1 (PDB ID 4AUO) using molecular docking 

software ClusPro [166, 167]. We selected the best scoring pose (Figure 4.3a) and 

performed all-atom MD simulations at 37 C for active and inactive MMP1. Figure 4.3b 

shows the distributions of S142-S366 distance, which shows that active MMP1 prefers 

closed conformations (high FRET) more than inactive MMP1, in agreement with 

experiments (Figure 4.1e). 

 

 

Figure 4.3. All-atom MD simulation of MMP1 interdomain dynamics on A aggregates at 

37 C. (a) One of many binding poses between MMP1 and A. (b) Area-normalized histograms 
of simulated interdomain distance (active: blue; inactive: orange) with best fits to a sum of two 
Gaussians (solid lines). (c) Autocorrelations of simulated interdomain distance (active: blue; 
inactive: orange) with best fits to exponentials (active: dashed black line; inactive: solid orange 
line). (d) Area-normalized histograms of simulated catalytic pocket opening (active: blue; 
inactive: orange) with best fits to a sum of two Gaussians (solid lines). (e) Linear correlation 
between the catalytic pocket opening and interdomain distance. (f) and (g) Correlations 
between residues for active and inactive MMP1, respectively. (h) Shannon entropy calculated 
from correlation plots for active (S=3.01±0.01, mean±SEM) and inactive (S=3.06±0.01, 
mean±SEM). 
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 The simulated S142-S366 distance also shows correlations for active and 

inactive MMP1 (Figure 4.3c). We extracted further insights from simulations. First, 

active MMP1 shows a larger catalytic pocket opening (Figure 4.3d). A larger catalytic 

pocket opening likely enables substrates to get closer to the active site. Second, the 

correlation between the catalytic pocket opening and interdomain separation for active 

MMP1 is higher than inactive MMP1 (Figure 4.3e). This is consistent with previous 

reports of positive correlation between the catalytic pocket opening and interdomain 

separation for MMP1 dynamics on collagen, fibrin, and aSyn [163, 164]. 

  

 We quantified fluctuations of the entire MMP1 using Shannon entropy. We 

calculated normalized correlations of fluctuations after subtracting the mean position 

from the entire time series. Figures 4.3f-g show the matrix of correlation values at lag 

number 1. We divided the correlation values to create 10 bins of width 0.1, calculated 

1010 gray-level co-occurrence matrix (GLCM), and defined Shannon entropy

 

Figure 4.4.  Conformational changes of the MMP1 catalytic motif and identification of A-
specific allosteric residues.  (a) Normalized correlations between each pair of residue for free 

active MMP1 at 37 °C. (b) Normalized correlations between each pair of residue for A-bound 
active MMP1 at 37 °C.  (c) Three-dimensional configurations of the catalytic motif residues for 

free active MMP1 (black) and A-bound MMP1 (red) at 37 °C. (d) Histograms of correlation 

values of free MMP1 (black) and A-bound MMP1 (red). 
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ln
i i

S p p= −  , where 
i

p   is the probability of a microstate i . The catalytic domain 

residues (F100-Y260) have strong correlations with the hemopexin domain residues 

(D279-C466), suggesting allosteric communications in MMP1. The time-evolutions of 

Shannon entropy show similar values for active and inactive MMP1 (Figure 4.3h). 

 We defined the changes at the catalytic site and identification of allosteric 

residues on MMP1. We compared two-dimensional correlation plots of free (Figure 

4.4a) and A-bound MMP1 (Figure 4.4b) at 37 °C. We considered the catalytic residue 

E219 as the origin and plotted the pairwise distance between E219 and each of the 

catalytic motif residues HELGHSLGLSH in three dimensions. The symbol size at each 

location is proportional to the standard deviation of the pairwise distance (Figure 4.4c). 

The comparison reveals that the configuration at the MMP1 catalytic site changes 

considerably as free MMP1 binds A. 

 Figure 4.4d shows the distributions of correlation values in Figures 4.4a-b. We 

used a threshold correlation value at 0.8, which is the peak probability density (~2) 

divided by e (~2.7). We found all the residues with normalized correlations greater than 

0.8 in Figure 4.4a and Figure 4.4b with the catalytic motif residues HELGHSLGLSH. A 

comparison of the residues between free MMP1 and A-bound MMP1 identified that 

373 have exclusive correlations only for A-bound MMP1. The identification of 

substrate-specific allosteric residues is significant because it may enable controlling one 

MMP1 function without affecting the other functions. 

4.5 Summary 
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 We conclude that MMP1 dynamics on A aggregates depend on MMP1 activity 

and a two-state Poisson process describes the dynamics similar to MMP1 dynamics on 

collagen, fibrin, and aSyn aggregates. However, the two domains of MMP1 prefer 

closed conformations on A aggregates, which is in contrast to the preference for open 

conformations on collagen fibril, fibrin, and aSyn aggregates. We calculated the kinetic 

rates of interconversion between the two states from histograms and correlations of 

FRET values. We performed molecular docking of MMP1 with A using ClusPro, 

simulated MMP1 dynamics, and matched the experimental and simulated interdomain 

dynamics to identify an appropriate pose. We used simulations to create a two-

dimensional map of correlations between every pair of MMP1 residues, which shows 

allosteric communications between the two MMP1 domains. We calculated a Gray 

Level Co-occurrence Matrix from the two-dimensional map of correlations and 

quantified MMP1 fluctuations by Shannon entropy. We identified the allosteric residues 

in the hemopexin domain by identifying residues having strong correlations with the 

catalytic motif residues. We identified that residue number 373 in MMP1 has A-specific 

allosteric correlations with the catalytic motif by comparing residues for free and A-

bound MMP1. Molecular understanding of interactions between MMP1 and A-induced 

aggregates and identified of substrate-specific allosteric residues may enable controlling 

MMP1 function selectively on A. 

4.7 Methods 

 This section will outline the material and methods for the experiments described 

in chapter 4. This includes the formation of the aggregate, the methodology for the 
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biochemical and biophysical analysis and conditions for MD and other in silico 

simulations. 

4.7.1  A aggregate formation 

 Gene optimization. The 42 amino acid FASTA sequence for Aβ peptide was 

taken from Protein Data Bank file 1IYT. To aid in the recombinant production of this 

protein, we optimized the amino acid sequence in Java Codon Adaptation Tool for 

expression in Escherichia coli (strain K12). This process ensured that the transcription 

of the DNA to RNA will produce codons that E.coli will accurately recognize to construct 

the full length 42 amino acid peptide.  We inserted the optimized DNA sequence for 42-

residue wild-type Aβ peptide into the pET21b+ vector between NdeI (N-terminal) and 

HindIII (C-terminal) restriction sites. 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 

Figure 4.5. Amino acid sequence for Aβ with 42 residues. 

  

GACGCTGAATTCCGTCACGACTCTGGTTACGAAGTTCACCAC

CAGAAACTGGTTTTCTTCGCTGAAGACGTTGGTTCTAACAAA

GGTGCTATCATCGGTCTGATGGTTGGTGGTGTTGTTATCGCT 

Figure 4.6. The DNA sequence for 42 residue Aβ peptide. Sequence optimized for 
expression in E.coli K12 strain using Java Codon Adaption Tool (JCat) [146]. 

 

 Transformation. We prepared the plasmid containing the DNA sequence for Aβ 

peptide for transformation by adding Tris-EDTA buffer solution pH 8.0 (Sigma-Aldrich 
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Cat# 93283) to dilute the DNA to a concentration of 50 ng/µL. The transformation was 

carried out in E.coli strain Rosetta (DE3) pLysS E. coli(Millipore, Cat# 70956-4). We 

thawed 50 µL of cells on ice. Once thawed, we added 10 μL of plasmid at 50 ng/µL 

concentration and the cell-plasmid solution was kept on ice for 30 min. We then 

transferred cells to a hot water bath at 42 °C for 45 s and moved back to the ice for 5 

min. 950 μL of super optimal broth with catabolite repression (SOC) media (Sigma-

Aldrich, Cat# S1797) was added to the cells and incubated for 2 h at 37 °C. We spread 

100 μL of growth on a plate containing ImMedia Amp Blue(Invitrogen, Cat# 45-0038) 

and incubated it for 48 h. The cells on the selection plate have ampicillin resistance from 

the pET21b+ vector and chloramphenicol resistance from the pLysS vector. To preserve 

the E.coli cells containing the recombinant DNA, we selected a single colony from the 

plate using a sterile inoculation loop and transferred it into 35 mL of sterile Luria 

Broth(LB) media with 35 μL of ampicillin at 100 mg/mL concentration and 35 μL of 

chloramphenicol at 34 mg/mL concentration. The selected colony had a distinct center 

with a blue tinge due to the breakdown of X-gal sugar present on the ImMedia Amp 

Blue selection plates. Cells grew for an additional 20 h in the LB media until OD600 1.51 

was reached. For long-term storage of the cells, we added 800 μL of E. coli culture to 

500μL of 40% glycerol (Sigma-Aldrich, Cat# G5516) to create glycerol stocks that can 

be stored in -80 °C.  

 Growth of Rosetta (DE3) pLysS cells. We prepared 35 mL of seed culture in LB 

media (Sigma-AldrichL7658) from 3 mL of glycerol stocks. We added 35 μL of ampicillin 

at 100 mg/mL concentration and 35 μL of chloramphenicol at 34 mg/mL concentration. 

The seed culture was grown overnight for 22 h in a shaker incubator at 37 °C with 250 



72 
 

rpm orbital agitation until growth reached OD600 1.71 ± 0.05. The error was quantified 

at a 95% confidence interval (CI). We filled two 1 L conical flat-bottom glass flasks with 

500 mL of LB media and sterilized them in an autoclave (Panasonic, Model# MLS-

3781L) following the preset liquid sterilization program (121 °C for 15 min). Once the 

sterile media had cooled, we added ampicillin and chloramphenicol to the same 

concentration used in the seed culture. 15 mL of the seed culture was added to 500 mL 

sterile LB media with antibiotics and grown at 37 °C with 250 rpm orbital agitation. After 

the 2 hours and the growth had reach OD600 0.45 ± 0.04 (95%CI), we induced the cells 

in one flask with 500 μL of 1 M IPTG (ChemCruz, Cat# SC-202185B). The cells in the 

other flask were not induced with IPTG to serve as the negative control for IPTG-

induced expression. After induction, we grew cells in both flasks for an additional 4 h in 

the incubator-shaker at 37 C with 250 rpm orbital agitation. We measured OD using a 

cell density meter (WPA Biowave, Model# C0800) to quantify the growth. The cells were 

harvested and centrifuged in 500 mL centrifuge tubes at 10000 rpm for 10 min using a 

fixed angle centrifuge (Sorvall Lynx 4000 centrifuge with F12-6X500rotor, Cat# 

75006580). The IPTG induced cells yielded ~1 g of cells and the growth without IPTG 

yielded ~1.6 g of cells. 

 Protein aggregation induced by lysis and centrifugation. During attempts at 

purification, we learned that aggregation of Aβ peptide with E.coli cell components can 

be controlled by buffer and lysis conditions. To form the Aβ peptide aggregate, we 

reconstituted 1 g cell pellet in 7 mL of protein buffer with 5% Triton X-100 (50 mM Tris, 

100 mM NaCl, 5% Triton X-100, pH 9.0) in a 15 mL tube. We then disrupted the cells 

using a sonicator (Branson Digital Sonifier, Model# BBT16031593A) at 10% amplitude 
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for 10 min total time (3 min 20 s with pulse ON) with a sequence of 10 s pulse ON and 

20 s pulse OFF. We centrifuged the cell lysate at 10000 rpm for 10 min. A viscous 

string-forming aggregate was visible after centrifugation and made up ~5 mL of the total 

contents of the tube. We decanted the aggregate to a fresh 15 mL tube leaving a small 

insoluble pellet behind. We imaged the aggregate using a light microscope and found 

striations similar to aggregates of aSyn, another neuronal protein known to form amyloid 

structures, formed by a similar method of sonication and centrifugation in narrow tubes. 

4.7.2 Measurements of MMP1 interdomain dynamics 

 For smFRET measurements of MMP1 interdomain dynamics, we mutated two 

serine residues in MMP1 at locations 142 and 366 to cysteines for labeling with 

Alexa555 and Alexa647 dyes. In addition, we introduced the E219Q mutation in the 

catalytic domain to create a catalytically inactive mutant of MMP1. We spread aSyn-

induced aggregates and made a thin layer on a quartz slide. We made a flow cell for 

single-molecule experiments using a piece of double-sided adhesive tape sandwiched 

between the quartz slide and a glass coverslip. Labeled MMPs were flowed into the flow 

cell and excited at 532 nm wavelength using the evanescent wave created at the quartz 

slide and sample buffer interface in a Total Internal Reflection Fluorescence (TIRF) 

microscope. We acquired two-channel movies to detect emissions from Alexa555 and 

Alexa647. Any relative motion between the two MMP1 domains would lead to a non-

radiative transfer of energy from Alexa555 to Alexa647 due to FRET, increasing the 

emission from Alexa647 (IA) and simultaneously reducing the emission from Alexa555 

(ID). We calculated FRET efficiency by IA/( IA+ ID) [184]. Single-molecule experiments 

and analyses have been described in our previous publications [185-188]. 
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4.7.3 All-atom simulations 

 We removed all zinc and calcium ions and the water molecules from PDB ID 

4AUO and replaced the missing side-chain atoms using Chimera's rotamer tool. PDB 

files for active and inactive MMP1 were created by replacing A219 with E219 and Q219, 

respectively, using Pymol's mutagenesis function. We used Gromacs 2019.6 with the 

Gromos96 43a1 force field to perform the MD simulations. We ignore the hydrogen 

atoms while creating the topology file. Each simulation ran 20 ns long, simulated at 2 

fs/step, and sampled every 5 ps. Each MMP1 crystal was placed in a cubic box with 3D 

period boundary conditions and solvated with water (using a single point charge model 

(SPC)) and Na counter-ions to create a neutral system. We then used the steepest 

descent algorithm to minimize the solution's energy. To equilibrate the solution with the 

protein complex, we used NVT and NPT ensemble simulations. First, we performed the 

NVT simulation and set the mean temperature at the desired temperature of 295 K (22 

C) or 310 K (37 C) using a Berendsen thermostat for 100 ps. We used the Verlet cut-

off scheme for neighbor searching and updated the neighbor list every 20 fs. We used 

the particle mesh Ewald scheme to calculate the electrostatic interactions with a cubic 

interpolation order of 4 and a cut-off at 1 nm. We assigned initial velocities using a 

Maxwell distribution from the corresponding temperature. In the NPT simulation, we 

maintained velocities from the NVT simulation output, and the pressure was set to 1 bar 

using a Parrinello-Rahman barostat for an additional 100 ps. Once the NVT and NPT 

simulations finished and the system equilibrated, we removed the position restraints and 

ran the production MD for 20 ns. We edited the final coordinates in the trajectory file to 

correct for periodicity and center the protein complex. The distances between the 
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catalytic pocket residues and the serine residues (interdomain distance) are then 

measured at every time step using the Gromacs distance function. We measured the 

interdomain separation between the nitrogen atoms of residues S142 and S366 and the 

catalytic pocket opening between the nitrogen atoms of residues N171 and T230. To 

calculate the correlation and Shannon entropy, we recorded the nitrogen atom's 

coordinates in each residue of MMP1. 

4.7.4 Analysis of the experimental and simulated interdomain dynamics 

 We chose the histograms' bin width to be at least the inverse of the sample size's 

square root, i.e., 1/ N  , N is the number of data points. We calculated the error of 

count in each bin as the square root of the bin count. Both the bin counts and errors 

were divided by the area of the histogram to create the area-normalized histogram 

(probability density function).  The area under the normalized histogram equals 1. We 

fitted a sum of two Gaussians to the histograms (Equation 3.1) : where a's, b's, and c's 

are amplitudes, centers, and widths of the Gaussians. The parameters b1 and b2 are 

the two states, S1  and S2. 

 To calculate correlations, we subtracted the average value from each trajectory 

and used the Equation 3.2: where 
C

 is the correlation at lag number  , N is the 

number of points in a FRET trajectory, and ( )I t  is the FRET value at .t  For 

autocorrelations, both factors in curly brackets were from the same time series. For 

cross-correlations, the two factors in curly brackets were from different time series. 

 We normalized correlations by dividing correlation values at each lag by 0
.C

 =  We 

fitted correlations between 1 =   and 1000 =   to both power-law and exponential 
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distributions. For power law, we used a form of Pareto distribution [189] that satisfies 

the boundary conditions, i.e., 1
0

C


=
=

 at 0t =   and 0C


=
= 

 at .t =   

 We fitted the equations of power-law (Equation 3.3) and exponential functions 

(Equation 3.4) To quantify correlations between the catalytic pocket opening and 

interdomain separation from simulations, we used the interdomain distance as the 

single predictor variable for the catalytic pocket distance in a linear model. A linear 

model describes a response variable as a function of predictor variables. Linear models 

are often fit using a method known as statistical regression. There are different 

regression methods used, depending on the number of predictor variables. When using 

only one predictor variable, the regression method is known as the simple linear 

regression, which we used for quantifying correlations. We used Equation 3.5: where b0 

and b1 are the estimated fit parameters. There are also a few different methods to 

estimate the parameters of the linear model. The most-used approach is the least-

squares operator, which finds the slope through the data that minimizes the squared 

distance between the fit and the residues.  There is still uncertainty in these estimations, 

no matter which method we used. Confidence bands visually represent the uncertainty 

in linear models by showing the range of possible slopes. We calculated the 95% 

confidence interval of each predictor value's mean  
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CHAPTER FIVE 

SUMMARY AND FUTURE WORK 

5.1  Introduction  

 AD and PD are often characterized by the presence of protein aggregates rich in 

aSyn or Aβ, respectively [6, 33]. New evidence suggests a prion-like spread of these 

aggregates from the enteric nervous system to the central nervous system[205]. The 

aggregation of these proteins into amyloid fibrils specifically provides an interesting area 

of study for structural biologists, neuropathologists, and medical diagnosticians as the 

inherent presence of aggregates does not exclusively define all these diseases but may 

indicate a subset of each disease that shares a common trigger and neuropathology. 

Matrix metalloproteases may provide this trigger while supporting the gut-brain axis of 

neurodegeneration. 

 The identification of specific triggers for these diseases will also identify 

therapeutic targets. For that reason, the purpose of this chapter is to propose an 

extension of the previous work in this thesis to fill a critical void in our understanding of 

AD and PD pathogenesis by exploring the gut-brain axis and identifying specific 

therapeutic targets in the form of metalloproteases. 

5.1.1 Amyloid fibrils 

 Amyloid fibrils are a type of protein structure in which a protein monomer forms 

as β- sheet and stacks with other monomers. Amyloid fibrils are commonly seen in 

nature in bacterial biofilms, infectious prions, and aggregates involved in 

neurodegeneration [6, 28, 32, 33, 75, 76]. The amyloid fibril formation associated with 
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neurodegeneration is currently thought to be caused by overexpression, genetic 

mutation, or cleavage of precursors affecting the stability of the protein in its native form 

[71, 72]. A common protein found in PD and AD amyloid aggregates is aSyn and there 

is evidence that the C-terminal truncation of aSyn by protease leads to aggregation and 

fibril formation [77]. In PD and some forms of dementia, these fibrils can aggregate into 

larger intracellular structures known as Lewy Bodies. In terms of AD, Aβ peptide is 

mainly implicated in the amyloid fibril formation [33]. Aβ peptide is a fragment of a larger 

transmembrane protein known as APP. When this protein is cleaved and secreted into 

the extracellular space by secretase, it can yield the 40 and 42 amino acid fragments 

known as Aβ peptide which is prone to aggregation into amyloid fibrils [206]. However, 

the presence of Aβ42/Aβ40 does not exclusively define AD pathology as the methods of 

Aβ peptide aggregation, breakdown, and transport across the blood-brain barrier are 

also being studied as part of AD pathology [71, 72]. Balancing the levels of Aβ peptide 

in the brain is achieved by proteolytic degradation, and active transport out of the brain. 

There is a growing body of evidence that the proteolytic cleavage of Aβ peptide and its 

aggregate play an important role in understanding AD [73]. The proteolytic degradation 

may take place by a cell-mediated immune response, or proteins within the extracellular 

space. 

5.1.2 Why MMPs 

 Matrix-metalloproteases are a 23-member family of zinc-dependent enzymes 

with a conserved catalytic motif. The proteases are commonly understood for their 

ability to cleave extracellular matrix proteins as well as some biomolecules [207]. 

Additionally, MMP1 has shown the ability to cleave other non-extracellular substrates 
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such as fibrin, and bacterial biofilms [30, 31]. A major component of bacterial biofilms is 

an amyloid aggregate structure [32]. If MMP1 can breakdown bacterial biofilms, which 

are rich in amyloid fibrils, this may hint at its ability to break down the amyloid 

aggregates present in ~50% of AD and PD patients[6, 33]. Additionally, MMPs and their 

analogs have also been studied for their ability to cleave aSyn, APP, and Aβ peptide 

[34, 35].  

 The structure of MMP1 makes it a suitable target and model for the MMP family. 

MMPs have a highly conserved catalytic motif. The structure of MMP1 includes a 

catalytic domain that performs the breaking of peptide bonds, a hemopexin domain that 

is involved in substrate specificity, a linker region joining the two, and a pro-domain that 

blocks the catalytic site until activation by other MMP1, plasmin, or trypsin. The linker 

region makes MMP1 a highly flexible molecule that exhibits interdomain distance 

changes on the order of 1 nm. These domain motions are also observed during 

molecular dynamic simulation over a 10-nanosecond time interval indicating simulations 

may be able to accurately represent the protein dynamics even at small time scales 

[29]. The hemopexin domain’s involvement in substrate specificity makes it an ideal 

target for allosteric control [29]. MMP1 is also associated with AD and PD risk factors 

such as diabetes, heart disease, stroke, and periodontitis [208-215]. 

5.1.3 The gut-brain axis of AD and PD 

 The gut-brain axis describes the communication between the gut and brain 

through stimulation, excretion, regulation, and the physical connection along the vagus 

nerve. There has been a growing interest in the role of the gut-brain axis in recent years 

centered around the microbiome. The human microbiome contains approximately the 
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same number of cells as the human body [216]. Bacteria make up most of these 

microorganisms. Within the intestines, bacteria can produce and excrete a vast variety 

of proteins that aid in our digestion. Enterococcus faecalis is a bacterium found in our 

gut that can produce a bacterial analog of MMP. This protein is called gelE and has 

been known to activate our own endogenous MMPs and begin to degrade the lining of 

our intestines [217]. 

 Just beyond the intestinal wall and past the basement membrane of our epithelial 

cells lies smooth muscle and the enteric nervous system. The enteric nervous system 

contains a region known as the myenteric plexus where nerves and their shepherding 

cells call enteric glial cells to regulate your secretions and excretions. Enteric glial cells 

are also capable of producing a variety of MMPs including MMP2, and MMP9 [218, 

219]. 

 In 2002 the Braak hypothesis was introduced which asserted that aSyn 

aggregates, known as Lewy Bodies, can begin in the gut and spread along the vagus 

nerve to the brain in PD patients [205]. This was supported by a staging of Parkinson’s 

symptoms beginning with reduced gut motility, progressing to sleep disturbances by the 

involvement of the reticular formation in the brain stem, and finally the classical 

parkinsonian tremor by the destruction of the dopaminergic cells of the substantia nigra 

[205, 220, 221]. Since the introduction of this hypothesis, numerous studies have 

expanded upon this amyloid aggregate spreading in a prion-like manner in both PD and 

AD [222, 223]. 

 Many people have theorized that the aggregation in PD is caused by genetic 

mutations in aSyn sequence or expression [224-226]. However, PD can develop in an 
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absence of these genetic traits [227]. Further association has been made with various 

microorganisms, but no direct cause and route have been identified [228, 229]. MMPs 

may be a prime candidate for this missing link tying the gut-brain axis into both PD and 

AD. MMPs can use their ability to restructure the extracellular matrix to cross the 

boundary between the intestinal lumen and vulnerable neuronal cells. Additionally, the 

expression of MMPs within our immune system keeps them in close proximity to our 

nervous system. MMPs may provide the perfect bridge for the gut-brain axis of PD and 

AD. 

5.1.4 C. elegans as a model organism 

 C. elegans have long been used as biological models specifically for 

neurodegeneration [230-232]. All neurons and their lineage have been mapped within 

C. elegans [233]. This includes 8 dopaminergic neurons, which are the neurons 

specifically affected by the aSyn aggregates of PD[234, 235]. Additionally, humans 

share approximately 80% homology with proteins present in C. elegans [236]. APP 

does have a homolog in C. elegans, but there is no homolog of aSyn present in C. 

elegans [232]. Using transgenic systems, aSyn has been introduced to C. elegans to 

study PD. 

 However, of all the C. elegans models of PD, none are suitable to exam whether 

C-terminal truncation by MMPs can lead to a toxic amyloid seed being produced that 

can further seed aggregation. This is because all models are conjugated with 

fluorescent proteins such as GFP, YFP, and mCherry [237]. C-terminal truncation of 

these aSyn molecules would separate the dye make the aggregate untraceable by 

typical fluorescence. Hence, we will create our model of PD in C. elegans without 
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fluorescent proteins with the intent to further explore the modulation of MMP-1 activity 

on preventing and causing aggregation. 

5.2 Seeding amyloid fibril formation 

 We hypothesize that MMPs expressed in the myenteric plexus by enteric glial 

cells can cleave monomeric aSyn and Aβ peptide to produce a toxic species capable of 

seeding amyloid formation. Our premise relies on studies that show MMP1 is capable of 

cleaving aSyn and APP. Spillantini et al. has shown that C-terminal truncation of aSyn 

leads to aggregation [77]. The presence of aSyn can increase MMP expression [238]. 

MMPs are capable of C-terminal truncation of aSyn and increasing aSyn aggregation, 

but we do not know if these fragments can seed further aggregation in full form aSyn 

[239]. Studies indicate that aggregates can spread in a prion-like fashion in both AD and 

PD patients discussed previously. This is further supported by in vitro models in which 

an amyloid seed is added to monomeric aSyn or Aβ peptide and promotes fibril 

formation [240-242]. The ability for MMP and its analogs to initiate amyloid seeding is 

crucial to being able to implicate MMPs as a trigger for the gut-brain axis of PD and AD. 

The gut-brain connection is not an abstract concept, but rather the physical connection 

of the enteric nervous system and central nervous system by the vagus nerve. If a 

misfolded toxic amyloid fragment can enter the nervous system, it will spread along 

synapses to the brain. This is theorized to be the reason many PD patients show a 

progression of symptoms beginning with lack of motility in the intestines and 

progressing to sleep disturbances and finally the classical parkinsonian symptoms of 

tremor [205]. In anatomical terms, this neural dysfunction in an ascending fashion from 

the gut, through the brain stem, and into the substantia nigra. These experiments will 
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allow us to determine if MMP1, other MMPs, or MMP analogs can form an initial 

amyloid seed that can induce amyloid fibril formation in monomeric aSyn and Aβ 

peptide. Furthermore, this study will allow us to rapidly screen inhibitors and 

complements of the proteolytic process leading to toxic aggregate formation. We will 

study MMP1, MMP9, bacterial collagenase gelE, and the viral protease from SARS-

CoV-2 called 3CLpro. 

5.2.1 Observe partial cleavage of aSyn and Aβ by MMPs 

 To see if MMP1 is capable of creating amyloid fibrils, we will first assess MMP1’s 

ability to cleave aSyn and Aβ peptide as C-terminal truncation of aSyn specifically has 

been implicated in promoting its aggregation. We will test this by serial diluting MMP-1 

and use it to treat 50 µg/mL of monomeric aSyn and Aβ peptide. The digestions will be 

incubated at 37 °C and sampled every 30 minutes for 6 hours. Once a sample is 

collected, it will be treated with SDS containing Lamelli sample dye and stored in -20 °C 

to halt the reaction. Once all reactions are collected, SDS-PAGE will be used to analyze 

the fragmentation of aSyn and Aβ peptide. The experiment will be repeated with inactive 

MMP-1 and in the presence of inhibitors such as tetracycline. Additionally, the 

experiment will be repeated with MMP-9, gelE and 3CLpro. 

 We expect that after 6 hours of treatment MMP1 will fully digest aSyn and Aβ 

peptide. However, at some combination of dilution and treatment time, aSyn and Aβ 

peptide will be only partially cleaved. This is the dilution and time we will use in section 

5.2.2 to attempt to seed amyloid fibril formation. Observing fragments may be difficult by 

traditional SDS-PAGE so we may alternatively use Tricine SDS-PAGE as it has been 

shown to more effectively small molecular weight proteins [243]. It may also be possible 
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that no fragmentation is observed at all in aSyn or Aβ peptide. In this case, it may be 

that fragments are too small to observe, or MMP1 will not cleave the monomeric forms 

of the proteins. In this case, we will still proceed with the study discussed in section 

5.2.2 for interaction other than cleavage with MMP1 may form an amyloid fibril capable 

of seeding further formation. 

5.2.2 Seed amyloid fibril formation 

 Using the MMP dilution we determined in section 5.2.1 results, we will treat 3 mL 

of 50 µg/mL monomeric aSyn, Aβ peptide. Treatment will be again performed at 37 °C. 

Additionally, control samples will include a sample without MMP added and a sample 

without either monomeric aSyn or Aβ peptide. After time determined in study 5.2.1, the 

sample will be removed from incubation and placed in a centrifuge filter tube capable of 

filtering the protease while allowing aSyn or Aβ peptide to pass through. In the case of 

MMP1, gelE, and 3CLpro, this will be to 30 kDa cutoff tube. For MMP9, a 50 kDa cutoff 

filter tube will be used. After timed digestion, samples will be centrifuged at 5,000 RPM 

for 20 minutes. The flow-through should now contain fragments of either aSyn or Aβ 

peptide that we will explore as toxic fragments capable of seeding amyloid. We will use 

the seeding solution to treat monomeric aSyn and Aβ peptide in the presence of 50 µM 

thioflavin T (ThT) as this has been established as a dye capable of staining amyloid 

fibrils [244]. ThT is a dye that ThT emits a stronger fluorescence upon binding to the β-

sheet conformation of amyloid fibrils. We will use a Total Internal Reflection 

Fluorescence Microscope (TIRFM), and UV-Vis to quantify amyloid fibril formation in the 

presence of ThT [245]. Fibrilization kinetics will be measured according to previous 
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publications [245]. During this experiment, we will also explore whether an aSyn fibril 

seed can seed amyloid fibril formation in Aβ peptide and vice versa. 

 We expect to see fibril formation in monomeric aSyn and Aβ peptide as indicated 

by increased fluorescence in UV-vis and by direct tracking of fibril length in the TIRFM. 

Data from the TIRFM will provide use not only fibrilization kinetics but also insight into 

possible abnormalities in the amyloid structure such as branching. An area of concern is 

the use of ThT because it has been suggested that ThT changes fibrilization kinetics 

[246]. ThT concentration may also need adjustment for proper detection in TIRFM. 

Congo red may be used as an alternative for ThT in UV-vis but its use in TIRFM on 

amyloid fibrils has not been established. Additionally, congo red does not change 

fluorescence upon binding as ThT does so quantification of fibrilization kinetics would 

not be possible unless serious modification to experiment design was made to include 

effective washing of excess dye. We expect this experiment to provide evidence that 

MMPs expressed in the presence of aSyn or Aβ peptide in the myenteric plexus can 

result in the formation of a toxic amyloid fibril capable of further seeding amyloid 

formation. Thus, implicating MMPs as a trigger for PD and AD along the gut-brain axis 

5.3 Screen allosteric inhibitors of MMP1 activity on formation of amyloid fibril  
 seeds  

 

 We hypothesize we can exert allosteric control of MMP1 and inhibit its ability to 

partially cleave aSyn and Aβ peptide while leaving its ability to degrade amyloid fibrils 

and collagen intact. Our premise relies on preliminary studies where we can determine 

regions in the hemopexin domain of MMP1 that have a high correlation with the catalytic 

motif. These allosteric sites in the hemopexin domain are unique to different substrate 
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binding and can hence be targeted by different molecules in virtual screening. 

Molecules identified as targets within this virtual screening can be tested in the methods 

described 5.2.1 and 5.2.2. If a molecule is identified that limits the ability for MMP1 to 

form a toxic amyloid aggregate, while maintaining its ability to degrade aggregates, it 

could be valuable therapeutic worth testing in animal models such as C. elegans and 

mice. 

5.3.1 Lead molecule screening against MMP-1 binding to different substrates 

 First, molecular docking of MMP1 (PDB ID: 4AUO) and Aβ peptide (PDB ID 

1IYT) will be performed using ClusPro selecting for poses that place the catalytic site of 

MMP1 on Aβ peptide. Additional docking will be done with MMP-1 and the fibril forms of 

aSyn (PDB ID 2N0A) and Aβ peptide (PDB ID 2MXU) selecting for poses that place the 

catalytic site of MMP-1 along the stacked β-sheets of the fibrils. Molecular dynamic 

simulations will be performed as previously reported. We will track the domain 

separation and catalytic pocket opening of each selected pose and eliminate poses that 

do not have a positive correlation between the two as we believe this represents the 

functional dynamics of MMP1 needed for cleavage. We will perform auto-correlation on 

all amino acids as previously reported and isolate residues in the hemopexin domain 

that are highly correlated to the catalytic motif. We will use these allosteric residues as 

targets for virtual drug screening against 1400 FDA-approved lead molecules as 

previously reported. We will finally find overlap between screenings and attempt to find 

molecules with a high affinity that can inhibit MMP1 activity on monomeric aSyn and Aβ 

peptide while leaving the ability to cleave amyloid fibrils intact. These results will be 

validated in vitro in section 5.2, and eventually in a C. elegans model described in 
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section 5.4. This will provide evidence for the gut-brain connection of PD and AD while 

also screening for therapeutic targets. 

 We expect unique allosteric targets will be found for each substrate studied in 

MMP1. The residues should have an auto-correlation value greater than 0.8 and will be 

used as targets in ligand binding software. A limitation of this experiment may well be 

the computational power available. Previously, MD simulation and virtual screening 

have been performed on home workstations. Moving forward, we will utilize the High-

Performance Computing group at Colorado School of Mines to get access to a node on 

a supercomputer capable of much faster simulations. 

5.4 Construct a C. elegans model to demonstrate amyloid fibril spreading 
 facilitated by MMPs 

 

 We hypothesize that a C. elegans model of amyloid spreading in PD can be 

created without conjugating fluorescent dyes and the aggregation can be seeded from 

the external environment. The purpose of this model is that dye conjugated aSyn will 

not behave in a similar structural way to native aSyn and cannot support a model where 

C-terminal truncation initiates amyloid formation. Our premise relies on previous studies 

that have introduced aSyn into the expression of the 8 dopaminergic neurons of C. 

elegans. These neurons serve as motor-sensory neurons that interface with the outside 

environment. Previous studies using C.elegnas have had limited success in observing 

fibril formation without introducing a genetic mutation into the aSyn sequence. We will 

then feed nematodes E.coli rich in amyloid aggregates. By using immunofluorescence, 

we can image the amyloid aggregates in the amyloid-fed C. elegans and compare them 

to a control group. 
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5.4.1 Image protein aggregates in C. elegans 

 We will first determine how to image amyloid structures in C. elegans using the 

TIRFM at the disposal of our lab group or a confocal microscope. Nematodes will be 

handled and cultured under standard methods [247]. We will culture C. elegans already 

showing amyloid fibril formation such as strain PE871 for aSyn which is available for 

purchase from the Caenorhabditis Genetics Center (CGC). C.elegnas will be fixed using 

paraformaldehyde as previously described to immobilize and prepare them for 

immunofluorescence measurements [248]. C. elegans will be treated with primary 

antibodies from abcam (ab209538) for aSyn, following previous protocols. Secondary 

antibodies used will be conjugated with Alexa Flour555. We will try imaging in quartz 

flow cells and flow cells with microfluidic channels for the TIRFM. If we are 

unsuccessful, we will use traditional methods of confocal microscopy reported in 

numerous publications imaging amyloid aggregates in C. elegans [249-255]. 

5.4.2 Feeding C. elegans amyloid ladened E.coli 

 Next, we will determine if C. elegans can uptake amyloid fibrils by eating amyloid 

ladened E.coli. Wild type C. elegans (N2 Bristol) being fed the amyloid containing E.coli 

will be imaged every 2 days for uptake into their nervous system or the enterocytes 

surrounding the intestinal lumen. Because C. elegans have no aSyn orthologs, the initial 

amyloid seed will not spread through the nervous system unless the gene is introduced. 

We will create a plasmid suitable for C. elegans that express aSyn in dopaminergic 

neurons under the control of the dat-1 promoter according to previous methods, 

however, GFP will not be added [251, 256]. The plasmid will be injected into the gonads 

of young adult hermaphrodite N2 worms and integrated into chromosomes using UV 
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irradiation as previously described [256]. C. elegans will be cultured into stable stocks 

for storage. Once stocks are established, transgenic C. elegans will be cultured and 

then lysed using mechanical lysis. Lysates will be run in SDS-PAGE and Western 

Blotting using aSyn antibody to confirm expression. Once the expression is established, 

the transgenic C. elegans will now feed the E.coli ladened with amyloid aggregates 

while others will be fed a control E.coli. C. elegans cultures will be sampled every 2 

days and imaged using immunofluorescence described previously. In summary, our 

goal is to first determine if we can image amyloid aggregates in C. elegans within our 

lab. We will next see if amyloid fibrils can be uptake into the nervous system from the 

outside environment or intestinal lumen. Finally, we will create a C. elegans strain that 

expresses aSyn in dopaminergic neurons and determine if amyloid fibrils present in the 

environment can seed enhanced aggregation across neurons as compared to C. 

elegans not being feed amyloid aggregates. 

5.4.3 Native MMP overexpression 

 C. elegans have 6 matrix metalloprotease orthologs that are capable of cleaving 

MMP peptide substrates and they are inhibited by human tissue inhibitors of MMP, 

suggesting that the catalytic sites are closely related [257-259]. We hypothesize that we 

can suppress or overexpress these genes to modulate amyloid fibril propagation in C. 

elegans either expressing aSyn in dopaminergic neurons, or C. elegans being fed 

amyloid fibrils. 

5.5 Summary 
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 While MMPs are essential to the development and wound healing of many 

organisms, there is still much we do not know the full spectrum of its functions and 

dynamics. We have also shown that MMP1 can act on a variety of different substrates 

besides extracellular matrix components. Using biophysical methods to study the 

contribution of MMPs to different disease states increases our understanding of MMP 

dynamics and the diseases themselves. The findings in Chapters 3 and 4 have shown 

that the dynamics of MMP1 can vary based on the substrate chosen where the smaller 

sized Aβ peptide needs the domains of MMP1 to be in a more closed conformation 

during cleavage as compared with the more open conformation shown on aSyn. The 

flexibility, dynamics, and allosteric communication of MMP1 allow it to have a variety of 

uses in vivo that can possibly be modulated by the binding of small molecules such as 

tetracycline, and Plerixafor. 

 Regarding the gut-brain axis of neurodegeneration, MMPs should be closely 

considered for future study. The ability for MMPs to break down extracellular matrix 

provides a route of infiltration of the CNS through both the intestinal lining and even the 

blood-brain barrier. While initial studies have shown MMPs can partially cleave aSyn 

and APP leading to aggregation, we can expand on this understanding by implementing 

the methods of smFRET, molecular docking, all-atom simulations, and autocorrelations 

discussed in this document. The MMP-mediated gut-brain axis of PD and AD would be 

strengthened by the ability to visualize amyloid fibril formation and spreading in a living 

system. The future work discussed in section 5.4  may allow for this visualization in C. 

elegans and will advance the hypothesis put forth by Braak et al. in 2002.  
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Understanding the source of diseases has been at the center of improving human 

health since germ theory was proposed in 1762. With there being nearly 7 million 

patients diagnosed with PD or AD and a large aging population, elucidating and 

modulating the route of disease progression will have an impact on many lives. The 

properties of MMPs as a flexible broad-spectrum protease with allosteric communication 

make it an ideal target for study as a mechanism of the gut-brain axis. The findings of 

this thesis suggest the interactions of MMP1 with the amyloid fibrils present in some AD 

and PD patients is worth further study for both academic and medical purposes. 
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