
 
 

Investigation of Nonhydrolyzable ATP Analogues and Cofilin-Derived Peptides for 

Inhibition of Cofilin-Actin Rod Formation 

By 

Collin Townsend O’Bryant 

July, 2021 

Director of Thesis: Dr. Robert Murray Hughes 

Major Department: Chemistry 

Abstract 

Actin-Cofilin rods are an important marker of neurodegenerative disease and are 

commonly observed in the neurons of patients with Alzheimer’s disease. The goal of this research 

is to investigate peptide and small-molecules for their potential to inhibit actin-cofilin rod 

formation in cells. These inhibitors could form the basis for new Alzheimer’s disease therapeutics. 

Using fluorescence microscopy and an optogenetic system known as CofActor in both the HeLa 

and HEK 293T cell lines, we assessed changes in actin/ cofilin dynamics under energetic stress 

conditions in the presence of small molecules and cofilin mimicking peptides. Our small molecule 

strategy uses nonhydrolyzable ATP analogues to block the formation of actin-cofilin rods in cells 

undergoing energetic stress. Our peptide-based strategy uses cofilin-1, a primary binding protein 

to F-actin in neurons, as a template for the creation of peptides that target known cofilin-binding 

sites on the surface of actin. In our small molecule inhibitor strategy, we observed that ATP α-

Sulfur analogue was the most promising actin-cofilin rod inhibitor of the compounds tested. We 

hypothesize that this compound inhibits actin-cofilin rod formation by binding to P2X and P2Y 

cell surface receptors. In our peptide inhibition strategy, we discovered three peptides that inhibit 

actin-cofilin rod formation in cells undergoing energetic stress. These peptides were found to 



 
 

significantly decrease the length of native actin-cofilin rods in stressed cells. In some cases, we 

observed inhibition of CofActor-induced cofilin-actin clusters in cells under energetic stress. We 

hypothesize that these peptide-based inhibitors function by binding directly to actin and blocking 

actin/cofilin interactions. These studies lay the foundation for future work, including incorporating 

our peptides into optogenetic cassettes to enable light-activated recruitment of proteins to actin 

and for advanced pharmacological evaluation of ATP α-Sulfur analogues as therapeutics for 

neurodegenerative disease.  
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Chapter 1: Introduction 

Alzheimer’s disease (AD) is a major cause of age-related dementia affecting millions of 

people that, as of now, has no currently approved treatment for the causes of the dementia.1,2 AD 

is a major condition that has plagued the population is preparing to become one of the leading age-

related causes of death in the next few decades. Dementia, the acquired progressive cognitive 

impairment sufficient to impact activities of daily living, is a major cause of dependence, disability 

and mortality.3 Current estimates says that around 44 million people live with dementia worldwide 

where this is expected to more than triple by 2050 as the elderly population grows.3 AD is the 

single biggest cause of dementia, accounting for 50%–75% of all cases.4 Most persistent in later 

years of life, it roughly doubles in prevalence every 5 years after the age of 65.5 As the population 

of elderly people grows, we will more than likely encounter a drastic increase in the number of 

Alzheimer’s cases within the next few decades. This will require a major improvement in AD 

therapies within the near future. The relationship between the major contributors of AD such as 

amyloid deposits, neurofibrillary tangles and cell death and cognitive impairment remains a 

mystery.2 As a result, scientists have been studying the mechanisms behind cognitive impairment 

in AD. However, studies to prevent these cognitive decay mechanisms in AD patient’s cells has 

not been thoroughly explored. One of which is a known correlation between AD patient’s cells 

exhibiting small rod like structures comprised of a cofilin-saturated actin filament that is being 

prevented from being depolymerized, causing cell stress and eventual apoptosis.6 

 In this research, I have used optogenetic techniques to stimulate actin-cofilin protein 

clusters under stress conditions similar to those found in AD neurons undergoing energetic stress 

and have investigated possible strategies for their inhibition. In one strategy, I have investigated 

the potential of nonhydrolyzable ATP analogues for the inhibition of cytoskeletal abnormalities 
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observed under energetic stress. In a second strategy, I have investigated peptides derived from 

known human cofilin-1 actin G- and F-binding sites as potential inhibitors of cytoskeleton 

dysregulation in cells undergoing energetic stress. The goal of this study is to identify small 

molecules and peptides that could be developed into therapies for the reduction or elimination of 

actin-cofilin rods in energetically stressed cells such as those found in patients with AD. To achieve 

this goal, I implemented these small molecules and peptides into HeLa and HEK-293T cell models 

under induced energetic stress levels to observe mechanisms commonly found in neurons of AD 

patients. 



Chapter 2: Literature Review 

Optogenetics is a relatively new technique in neuroscience that allows for light sensitive 

proteins to observe and control cell mechanisms through both actuators and sensors.7 The human 

brain and central nervous system is incredibly complex and even now our understanding of neural 

activity and communication is limited.8 Optogenetics, as the name implies, is a combination 

between light and genetics. This combination allows us to study the complex signaling that occurs 

in our neurons at the same speed as the signals being sent. This technology was originally theorized 

to help understand the complexity of the brain by allowing us to use light to activate or inhibit 

specific neurons in the brain.9 The first optogenetic methods used rhodopsin-like photosensitive 

ion channels to stimulate neuronal activity. Opening of ion channels leads to an influx of ions into 

the cell, which causes a change in the electric potential across the membrane. Depending on what 

type of channel was effected, you could see an increase or decrease of associated neuronal 

activities.9 The development of the second generation of optogenetic modules were based on 

photoreceptor protein domains that underwent light-induced dimerization/oligomerization or 

unfolding upon light activation (photo-uncaging).9 This is the main idea for the work in this paper 

as the “second generation” has much more potential as a biochemical tool. There are many 

different models that have been engineered today that have been derived from many different plant 

and animal proteins. For example, Cryptochrome 2 or CRY2 is a blue-light photoreceptor class 

from Arabidopsis thaliana belonging to the cryptochrome protein family. It is present in most 

animals and binds flavin adenine dinucleotide as a co-factor. Upon blue-light exposure, CRY2 

undergoes photoisomerization and binds to the N-terminal domain of Cryptochrome-interacting 

basic-helix-loop-helix (CIB1), more commonly referred to as CIBN. The activation wavelength is 

450 nm and the dissociation time of the complex is about 5 min, making this system suitable for 
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most in vivo applications.9,10 This CRY2/ CIBN complex is the specific system that was used in 

the research from this paper. Another example is the Phytochrome B (PHYB) photoreceptor which 

belongs to the phyotochrome protein family and can be found in plants and bacteria. PHYB has a 

unique feature of being sensitive to red and far-red light. PHYB can be activated with 650 nm red 

light. However, the dissociation of the dimer in the dark is very slow (~20 hr), but it can be 

instantaneously triggered by 740 nm far-red light, which makes this system ideally suited for 

applications requiring fast on/off control of protein activity.9 All optogenetic systems share similar 

mechanisms which include localization, clustering, sequestering, and photo-uncaging, all of which 

are illustrated in Figure 1. 
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Figure 1: Optogenetic Systems Diagram  
(A) Light-induced protein dimerization can be used to recruit a protein of interest to a specific 
intracellular location, where it can pursue its function. (B) Light-dependent oligomerization 
(clustering) can induce active functional signaling hubs or inhibit protein function. (C) Light-
induced dimerization can also be adopted to sequester a protein of interest away from its site of 
action. (D) Photo-uncaging based on LOV domains can be used to directly control protein activity 
with light. (Figure from Krueger, et. Al. 2019)9 
 
Light-oxygen-voltage (LOV) domains undergo a unique change known as photo-uncaging. The 

LOV core domain is composed of a conserved Per-Arnt-Sim (PAS) domain, which is ~110 amino 

acids long and forms a five-stranded antiparallel β-sheet fold and α-helical connector. Upon blue-

light excitation, a covalent bond forms between a cysteine in the PAS domain and flavin (adduct 

formation), which leads to a conformational change and unfolding of one of the α-helices as seen 

in Figure 1-D.9 Optogenetics techniques have an advantage when investigating the complex nature 

of neural pathways as it can bring to light some of the key functions that are damaged from neural 
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degeneration from diseases like AD. Optogenetic interactions can match the speed of electrical 

neuronal activities making it easy to use time based experimental intervals and environments for 

repeat experiments.7 With the flexibility of optogenetic techniques, we can observe different 

neuronal activities under stressed cells similar to those from patients with AD. 

One of the major theories of AD is the amyloid hypothesis.11,12 This states that the 

accumulation of pathological forms of amyloid beta (Aβ) produced by segmentation of the amyloid 

precursor proteins (APP) by the β- and γ-secretase enzymes in the brain is the primary pathological 

process, driven through an imbalance between Aβ production and Aβ clearance.3,12,13 Strong 

support for a central role for Aβ also comes from genetics. All familial AD mutations are involved 

in either Aβ generation or processing and result in relative overproduction of toxic forms of Aβ.3 

Once thought to be amyloid plaques, in recent years, the attention has switched to soluble Aβ 

oligomers as being the most dangerous in terms of its most destructive form.14 Aβ oligomers 

purified from AD brains and applied to neurons in vitro inhibit long-term potentiation which leads 

to synaptic dysfunction, damages dendritic spines and causes neuronal death.3 This means that the 

amyloid plaques that we have observed may be a necessary catalyst for the supply of the free and 

soluble oligomers that can lead to downstream induction of tau hyperphosphorylation and neural 

toxicity. Microtubule associated protein tau is a phosphoprotein which potentially has 80 

serine/threonine and 5 tyrosine phosphorylation sites. Normal brain tau contains 2-3 moles of 

phosphate per mole of the protein. In AD brain, tau is abnormally hyperphosphorylated to a 

stoichiometry of at least three-fold greater than normal tau, and in this altered state it is aggregated 

into paired helical filaments forming neurofibrillary tangles, a staple characteristic of the 

disease.15–17 An overview of the proposed pathogenesis of AD through the amyloid theory is 

presented in Figure 2. 
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Figure 2: Alzheimer’s Disease Progression through Amyloid Hypothesis  
An overview of the pathogenesis leading to AD as proposed by the amyloid hypothesis. The curved 
blue arrow indicates that Aβ oligomers may directly cause synaptic and neuronal damage and 
induce tau hyperphosphorylation, in addition to activating damaging inflammatory cascades. 
(Figure from Lane, et. Al. 2018)3 
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One of the major debilitating conditions that are present in neurons of AD patients is a 

degradation of synapses. During the normal process of aging, our neuronal loss is at a minimum 

as compared to people with neurodegenerative diseases, with the hippocampal neurons remaining 

completely unaffected. However, with patients with AD, up to 50% of widespread synaptic loss 

occurs with selective, localized neuron loss.18 Overexpression of normal proteins or accumulation 

of abnormal proteins have been shown to bring about this neurodegeneration.18 Recent studies 

suggest that actin-cofilin rods can lead to synaptic toxicity.19 This synaptic toxicity indicates a 

correlation between actin-cofilin rod formation and cognitive impairment.20 Because of this 

cytoskeletal dysregulation of actin, the signal interactions between the dendrite and the synaptic 

vesicles are disrupted, causing an irreversible loss of cytoskeletal strength and synaptic response.21 

Actin is a structural protein in all cells which has many influences on the cell’s motility, structural 

rigidity, transport, and membrane interactions. However, actin has shown to have many ways of 

interacting with other protein structures during assembly. Abnormalities in actin and its cellular 

interactions can cause drastic changes in the nature of the actin filaments resulting in a disruption 

in the structure of the filaments or lead actin-cofilin rod formation.18 Similar to the diagram shown 

in Figure 3 below, synaptic degradation occurs because of the overexpression of some proteins 

such as cofilin (an actin-binding regulator protein), Calcineurin (CaN; a Ca2+ channel regulator) 

and Glycogen synthase kinase-3 (GSK-3) where normally the regulation of actin stability would 

be monitored by other proteins such as drebrin (an actin regulating protein within neurons 

specifically), Serine/threonine-protein kinase (PAK) and kalirin (plays a role in synaptic plasticity) 

which are disrupted in AD making actin structures unstable.2 
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Figure 3: Decay of synapses in Alzheimer’s Disease 
Synaptic actin cytoskeleton destabilization in AD through overexpression of actin intrusion 
proteins and disruption of actin stabilizing proteins. A) healthy synapses, B) Decay of synapses in 
AD. (Figure from Penzes, et. Al. 2011)2 

 
There have been studies that support the interactions between actin and these actin 

regulating proteins, specifically cofilin, as it functions as an actin regulator within the cells.1,2,22 In 

the presence of ATP, actin will polymerize into a semi-immobilized state where the stability of 

this state is described as the critical concentration for polymerization. The Critical concentration 

of polymerization is described as the concentration of free monomers in equilibrium with the 

filaments.22 This is known as actin “treadmilling” and is shown in Figure 4. 
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Figure 4: Actin Treadmilling 
Hydrolyzing ATP to ADP within the actin structure then releasing the ADP back into the system 
at the less stable (-) end of the filament. ATP is hydrolyzed to ADP and cycled back to form a 
stable “treadmill” effect. (Figure from Kudryashov, et. Al. 2013)22 

 
Cofilin interacts with the ADP actin state to promote depolymerization from the barbed end (-) to 

recycle actin monomers back into the cell.23,24 This treadmilling effect is destabilized in patients 

with AD and can be influenced by the intrusion proteins listed above giving rise to actin-cofilin 

rod formation and the consumption of ATP without the ADP recycling.2,22 



Chapter 3: Research Questions 

One of the main concerns in AD research is the lack of preventative measures against 

cognitive decline. Once the synapses and neurons have been affected by the disease, the damage 

that they suffer is irreversible. The goal of my research is to answer whether I can use small 

molecule inhibitors or mimicking peptide chains to inhibit the formation of actin-cofilin rods 

which have been common physical aspects in AD patient’s neurons. This inhibition could lessen 

the impact on the synapses and prevent the permanent damage that occurs after prolonged stressed 

conditions. To investigate this, I will use optogenetic techniques to observe inhibition of cell 

mechanisms in the presence of nonhydrolyzable ATP analogues and cofilin mimicking peptide as 

potential inhibitors within HeLa and HEK-293T cell lines under energetic stress conditions. 

As stated previously, actin-cofilin rods are a key factor in the disruption and degradation 

of neurons in neurodegenerative diseases. In stressed neurons, the actin rod formation occurs in a 

1:1 ratio with cofilin in the brains of AD patients. To observe the behavior of the actin-cofilin 

complex, researchers have developed a light responsive Cry2-CIB switch called “CofActor” that, 

when exposed to blue light and energetic or oxidative stress, will cluster together. This system can 

be used to monitor the changes in actin-cofilin interactions when applying the theorized methods 

for actin-cofilin rod inhibition.25,26  
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Figure 5: Optogenetic CofActor System 
Actin bound to cofilin in a 1:1 ratio. The optogenetic switch used to monitor the changes in actin-
cofilin interactions when applying the theorized methods for actin-cofilin rod inhibition (Figure 
from Tanaka et. Al. 2018).26 



Chapter 4: Nonhydrolyzable ATP Analogue Studies 

To investigate the possibility of preventing actin cytoskeleton instability, I will attempt to 

target the ATP-actin treadmilling mechanism. By using nonhydrolyzable ATP analogues, the 

hypothesis is that it will not allow the construction of the irreversible actin rods that consume 

normal ATP. Previous research suggests that nonhydrolyzable ATP binds more readily to ATP-

actin states than normal ATP.22,27 The nonhydrolyzable ATP analogues also have a history of being 

a known inhibitor of ectonucleotide pyrophosphatase/phosphodiesterase (ENPP) which is 

overexpressed in brain tissue in neurodegenerative diseases and is a major contributor to 

hydrolyzing phosphodiester and pyrophosphate bonds of nucleotides.28 Because of their 

upregulation, the overconsumption of ATP in neurodegenerative diseased cells is even more 

prevalent leading to a faster progression to irreparable damages. When working with ATP 

concentrations, it is also important to consider the possibilities of interrupting downstream 

processes that are ATP dependent. It is known in recent studies that distinct pathways of 

ATP-gated Ca2+ entry via ionotropic purinoceptor subtypes is a crucial contributor to Ca2+ signals 

important for ion channel activation.29,30 Experimentation has shown that both rodent models and 

human salivary glands express P2X4 and P2X7 purinoceptors that function as non-selective, 

Ca2+-conducting cation channels.29,31,32 These receptors are notably linked to ATP and fluctuations 

in the intracellular concentrations of ATP. Additionally, Ca2+ signals can be generated in salivary 

gland cells by ATP application which activates the P2X class ion channels via a pathway that is 

alternative and largely independent of inositol trisphosphate receptor Ca2+ production which has 

been shown to result in an elevation of [Ca2+]i.29 ATP dysregulation is an important factor that 

influences oxidative stress within neurons. Oxidative stress is when intracellular generation of 

reactive oxygen species (ROS) exceeds the cell’s ability of both non-enzymatic and enzymatic 
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anti-oxidation mechanisms.33 Adenosine and guanosine, along with purinergic receptors are 

important for  neuroprotection and are also involved in regulating the hydrolysis of ATP. The 

intricate relationship between adenosine nucleotides, ecto-enzymes metabolizing adenosine 

nucleotides, and purinergic receptors can be seen in Figure 6 below. 

 

Figure 6: ATP/ ADP and the P2X/ PSY Receptors 
Relationships between ecto-enzymes metabolizing adenosine nucleotides, adenosine nucleotides, 
and purinergic receptors in the central nervous system cells, which are related to the etiology of 
AD (Figure from Cieślak et. Al. 2018).33 
 
In AD, the Aβ peptide causes the formation of ROS, in particular hydrogen peroxide, which is 

capable of reacting with the metal ions such as calcium present in the senile plaques. Increased 

levels of Ca2+ as also been seen as an unwanted condition that can lead to unintentional cell stress 

which could be detrimental to this paper’s research. 
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4.1: ATP analogue experiments in HeLa Cell Line 

Previous research suggests that nonhydrolyzable ATP analogues bind more readily to 

ATP-actin states than normal ATP. Our small molecule strategy uses nonhydrolyzable ATP 

analogues to block the formation of actin-cofilin rods in cells undergoing energetic stress. the 

initial library of nonhydrolyzable ATP analogues are illustrated in Figure 7 where the change 

from native ATP is circled in red. 

 

Figure 7: Nonhydrolyzable ATP Analogue Library 
Nonhydrolyzable ATP analogues (ATP-αS, ApCpp, AppCp, AppNHp, and ATP-γS; chemicals 
received from Jena Bioscience) and their changes from native ATP indicated by the red circles in 
each molecule. 

4.1.1: Experimental Design 

 Using five different nonhydrolyzable ATP analogues (ATP-αS, ApCpp, AppCp, AppNHp, 

and ATP-γS; chemicals received from Jena Bioscience) an energetic stress protocol was 

conducted. Once the HeLa cells reached a sufficient concentration, the cells were diluted to 

~200,000 cells/mL and transferred to small glass bottom dishes where they were left at 37°C 

overnight to attach to the dish. Aliquots of Dulbecco’s PBS with calcium and magnesium (DPBS, 

270 μL) were prepped in 1.5 mL tubes, 30 μL of each ATP analogue was added for a total of 

300 μL. The media was aspirated from the HeLa cells and washed with 1 mL of DPBS. The 300 μL 
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aliquots were added to each set of cells leaving one blank control and one stressed control and 

incubated for 5 minutes at 37°C. The dish was removed from the incubator and 4.8 μL of the stress 

inducing solution (30 μL of 1M sodium azide and 18 μL of 1M 2-Deoxy-d-glucose (DDG)) was 

added to the cells and incubated at 37°C for 15 minutes. The cells were removed from the incubator 

and washed with 1 mL of DPBS and 1 mL of pre-warmed fixative (37°C; 4% PFA (Electron 

Microscopy Sciences and DPBS)) and allowed to sit at room temperature for 45 minutes. The 

fixative was removed, and the cells were washed with DPBS, covered in 1.5 mL of DPBS, wrapped 

in parafilm and placed in the refrigerator until ready to perform the immunostaining. 

 For the immunostaining process, the cells were permeabilized for 3 minutes with pre-

chilled methanol ( -20°C) then blocked for 30 minutes with CST Ab dilution buffer (30 μL Triton 

X-100, 0.1 g of BSA, and 10 mL of DPBS) and incubated overnight at 4°C with primary antibody 

(Anti-β-Actin Antibody (C4) mouse monoclonal IgG1 (Santa Cruz)) and 1:500 in Ab dilution 

buffer. The following day, the primary antibody solution was removed via pipette and washed 3 

times with 1 mL of DPBS. The cells were then incubated with Alexa 488 conjugated goat anti-

mouse secondary (Invitrogen; 1:200 Ab dilution buffer) for 1 hour at room temperature followed 

by a wash with DPBS (3 times) and stored in 1.5 mL of DPBS prior to imaging. The images were 

then taken on a Leica Fluorescence microscope.  

 To prepare the cells for the optogenetic experiments, HeLa cells were pipetted onto a small 

glass bottom dish (~200,00 cells/mL). The cells were transfected with a GFP control and then co-

transfected with 1000 ng of DNA from both Actin-CIB-GFP and CofilinS3E-Cry2-mCherry using 

Lipofectamine 3000 and incubated at 37°C overnight. For a 6-well plate size transfection reagent 

procedure, 125 μL of Opti-MEM and 5 μL of P3000 was added to the DNA. In a separate 

container, 125 μL of Opti-MEM and 3.75 μL Lipofectamine 3000 reagent per sample were mixed 
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to make a stock. The reagent stock (~127 μL per sample) was added dropwise to an aliquot of 

HeLa cells. The DMEM media was aspirated, and the cells were incubated with the ATP analogue 

solution for 15 minutes prior to cell imaging. 

4.1.2: Results 

In this experiment, we observed the formation of cofilin-actin rods in our energetic stress-

treated control sample. By contrast, in our non-stress-treated sample, no cofilin-actin rods were 

observed. Going forward, we continued to observe the changes in the actin dynamics within the 

cell models with the addition of different concentrations of the ATP analogues. Based on the data 

gathered, the reactions from the ATP-αS (C) and ATP-γS (G) were the most promising candidates 

for inhibiting cluster formation during light activation when cells were transfected with the 

optogenetic proteins. Because they exhibited none or slight evidence of actin-cofilin rod formation 

and an increased cellular adhesion formation, the sulfur containing analogues were used in 

optogenetic protein and concentration assay experiments to determine the best concentration and 

cluster inhibition efficiency. 
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Figure 8: Nonhydrolyzable ATP analogues Native Actin Rod Interaction 
Leica microscope images of HeLa cells treated with nonhydrolyzable ATP analogues under 
energetic stress conditions. White arrows indicate specific actin rods and focal adhesions. (4.8 μL; 
0.625 M sodium azide: 0.375 M DDG); (A) Control cells, (B) Oxidant control cells, (C) ATP-α 
Sulfur treated cells, (D) ApCpp treated cells, (E) AppCp treated cells, (F) AppNHp treated cells, 
(G) ATP-γ Sulfur treated cells. 
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Figure 9: ATP Experiments; Average actin rods (top) and Average focal adhesions (bottom) 
Bar graphs corresponding to ATP analogues experiments in HeLa cells. Average actin rods and 
focal adhesions per cell in the sample where n=100 cells for each condition. ATP α Sulfur, 
AppNHp, and ATP γ Sulfur samples for rods/cell are statistically significant (p < 0.05) via a one-
way ANOVA compared to the control sample. 

 
I later repeated the native rod formation experiment in HeLa cells with a non-stressed and 

one-hour stress condition to confirm the results and prepared for the concentration assay which 

was to investigate the P2X and P2Y receptor theory along with any evidence of concentration 

dependent actin-cofilin rod inhibition. The results were comparable to the first experiment; 

however, the images were taken on a Zeiss 700 and 900 Confocal microscopes. With the better 
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resolution, the effects on the actin filaments and actin-cofilin rods were easily seen. The control, 

ATP alpha and gamma sulfur images, found below are all under a 1-hour energetic stress condition 

incubated with the ATP analogues for 15 minutes prior to the addition of the stress solution. 
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Figure 10: Native ATP Sulfur analogue expt; Control  
Zeiss 700 Confocal microscope images; HeLa cells; Control-Non-stressed (top left & right) and 
Stressed (4.8 μL; 0.625 M sodium azide: 0.375 M DDG), (bottom left & right) with GFP-only 
vector (Green) and DAPI (Blue)/GFP (Green) overlay. 
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Figure 11: Native ATP Sulfur analogue expt; ATP α-Sulfur (700) 
Zeiss 700 Confocal microscope images; HeLa cells; ATPαS-Non-stressed (top left & right) and 
Stressed (4.8 μL; 0.625 M sodium azide: 0.375 M DDG), (bottom left & right) with GFP-only 
vector (Green) and DAPI (Blue)/GFP (Green) overlay. 
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Figure 12: Native ATP Sulfur analogue expt; ATP α-Sulfur (900) 
Zeiss 900 Confocal microscope images; HeLa cells; ATPαS-Stressed (4.8 μL; 0.625 M sodium 
azide: 0.375 M DDG) only with GFP-only (Green, left) and DAPI (Blue)/GFP (Green) overlay 
(right). 
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Figure 13: Native ATP Sulfur analogue expt; ATP γ-Sulfur 
Zeiss 700 Confocal microscope images; HeLa cells; ATPγS-Non-stressed (top left & right) and 
Stressed (4.8 μL; 0.625 M sodium azide: 0.375 M DDG), (bottom left & right) with GFP-only 
vector (Green) and DAPI (Blue)/GFP (Green) overlay. 
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The optogenetic experiments concluded with evidence that suggested that the ATP-αS 

analogue was the better of the two to in terms of actin rod inhibition based on data seen in Figures 

14 and 15. Variables in the control data correspond to the variation in the healthy cells per sample 

with anywhere from 60-90% of the cells exhibiting some kind of clusters after a few seconds of 

exposure.9 Slowed cluster formation can be described as any noticeable delay in the onset of 

clustering as compared to the control (~30sec-1 minute). 

 

Figure 14: Optogenetic ATP Sulfur Analogue expt 
Leica widefield microscope images; Optogenetic experimentation with nonhydrolyzable ATP 
analogues (1 mM Concentration) under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 
0.375 M DDG) on both the GFP (Green) and mCherry (Grey) channels. ATP analogues were 
double transfected with Actin-CIB-GFP and Cry2-mCherry-S3E Cofilin. (i) is before light 
activation, (f) is after light activation (30 second intervals of blue light for a 10-minute duration). 
(1) Oxidant control, (2) ATP α Sulfur, and (3) ATP γ Sulfur. 
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Figure 15: Cluster Inhibition with Sulfur Containing Analogues 
Bar graph comparing the optogenetic cluster inhibition capabilities of the sulfur containing 
nonhydrolyzable ATP analogues where n=20 cells per sample at 4 samples per construct. Control 
data from source25 ATP α Sulfur is statistically significant (p < 0.05) via a one-way ANOVA 
compared to the control. 

4.2: Concentration Titration and P2X/ P2Y Receptor Hypothesis 

Experimental design for this section was the same when preparing the cells for imaging. 

Concentration of ATP analogues aliquots were prepared from a 10 mM stock for the 

concentrations higher than 1 mM and a 1 mM stock for the concentrations at and below 1mM. 

Based on our experimental results seen in Figure 16, an oscillation pattern presents itself when 

moving from the 0 µM control to 50 µM concentration of the ATP analogue where after the 

percent of cells exhibiting clusters appears to be at a minimum, it has a drastic increase in cells 

with clusters. However, after 250 µM, the percent of cells with clusters with cells treated with 

500 µM concentration of the ATP analogue again drops to a minimum whereas the pattern 

continues. Once perplexed by this outcome, we came across an ATP gated ion channel that could 

be the reason behind the odd trend.  
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Figure 16: ATP α Sulfur Concentration Titration 
Bar graph of ATP α Sulfur analogue concentration titration data where n=50 cells per condition. 
HeLa cells were transfected with both the Actin-CIB-GFP and CofilinS3E-Cry2-mCherry using 
Lipofectamine 3000 at 1000 ng of DNA of each fusion for a total of 2000 ng of DNA. 
Concentration of ATP α Sulfur analogue aliquots were prepared from a 10 mM stock for the 
concentrations higher than 1 mM and a 1 mM stock for the concentrations at and below 1mM. 
 
As explained before, the P2X and P2Y receptors play a key role in the regulation of the hydrolysis 

of ATP. Based on our results, it appears that the nonhydrolyzable ATP analogues may be blocking 

these receptors at specific concentration intervals, specifically at 50 µM and 500 µM seen in 

Figure 17. Results from Bhattacharya et. Al. show selective receptor activations induced Ca2+ 

signals that differed in sites of initiation, kinetics, wave directions and magnitudes of Ca2+-induced 

Ca2+ release.29 This selective activation were consistent with their experiments for distinct 

subcellular expression for P2X4R and P2X7R. These results can be used to explain the phenomenon 

we experienced in our data that indicated interference with individual P2X purinoceptor subtypes 

which displayed distinct Ca2+ wave initiation. More experiments may be conducted to determine 
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at exactly what concentrations the P2X receptor is interrupted by conducting concentration 

titrations with Ca2+ indicators. 
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30 
 

Figure 17: Optogenetic Cluster formation for ATP α Sulfur Concentration Titration 
Leica widefield microscope images; Optogenetic Concentration Titration with nonhydrolyzable 
ATP-αS analogue (0, 50, 100, 250, 500 µM, and 1 mM Concentrations) under energetic stress 
conditions (4.8 μL; 0.625 M sodium azide: 0.375 M DDG) on both the GFP (Green) and mCherry 
(Grey) channels. Cell samples were double transfected with Actin-CIB-GFP and Cry2-mCherry-
S3E Cofilin. (i) is before light activation, (f) is after light activation (30 second intervals of blue 
light for a 10-minute duration). 



Chapter 5: Cofilin Peptide Characterization and 

Mutagenesis 

 My main objective will be to use optogenetic techniques to stimulate protein clusters in 

stress conditions to monitor the presence of actin-cofilin rods. The goal of this aim is to localize a 

small cofilin-like peptide on actin through its cofilin binding sites for inhibition of actin-cofilin 

rods, or as actin biomarker peptides that do not have adverse side effects on actin dynamics. Based 

on structural information given in previous studies26, cofilin has three binding domains as shown 

in Figure 18; F-site 1, 2 and G-site. The complete amino acid sequence is given in the description. 

 

Figure 18: 3D structure of Cofilin-1 
The blue being the N-terminus and red being the C-terminus. The blue circle indicates the G-
binding site and the two red circles indicate both the α-helix and β-sheet F-binding sites, F-1 and 
F-2 binding sites respectively (Figure from structural data from Protein Data Bank (PDB)).34 
 
Amino acid sequence:          F-binding sites           G-Binding site 
MASGVAVSDGVIKVFNDMKVRKSSTPEEVKKRKKAVLFCLSEDKKNIILEEGKEILVGD
VGQTVDDPYATFVKMLPDKDCRYALYDATYETKESKKEDLVFIFWAPESAPLKSKMI
YASSKDAIKKKLTGIKHELQANCYEEVKDRCTLAEKLGGSAVISLEGKPL 
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Using this information, primers were constructed for the specific sections listed in Table 1. 

Table 1: Cofilin Fragment Formation 
Cofilin-1 sections selected for experimental investigations. All primers were ordered with a GFP 
tag off the C-terminus of the fragment. All fragments starting from the N-terminus were tested in 
the optogenetic experiments using the MAA mutation and the wild type MAS configuration. 
 

Name: Length-First 3-Last 3 Amino acid sequence   α-helix     β-sheet    Bold- Binding site 

Short: 19-MAA-DMK MAAGVAVSDGVIKVFNDMK 

Long: 31-MAA-VKK MAAGVAVSDGVIKVFNDMKVRKSSTPEEVKK 

F-α-helix (59N): 59-MAA-
VGD 

MAAGVAVSDGVIKVFNDMKVRKSSTPEEVKKRKKAVL
FCLSEDKKNIILEEGKEILVGD 

F-β-sheet (48AA): 48-VGQ-
APE 

VGQTVDDPYATFVKMLPDKDCRYALYDATYETKESKK
EDLVFIFWAPE 

G-α-helix (59C): 59-NAP-
KPL 

NAPLKSKMIYASSKDAIKKKLTGIKHELQANCYEEVKD
RCTLAEKLGGSAVISLEGKPL 
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Figure 19: phCMV-NGFP Vector 
All Peptide primers were constructed to be between the Xho1 and Hind III sites to include the GFP 
tag on the C-terminus of the peptide using the phCMV-NGFP vector.35 
 

Table 2: Cofilin Fragment Primers 
Primers based between Xho I and Hind III sites of the phCMV-NGFP vector. 
 

Peptide Primer Forward 
Reverse 

Cof-Short GTTACC CTCGAG ATGGC CTCGGTGTG GC 
AATTCG AAGCTT CG GCTGCCGCCGCTGCCGCC CTT CAT GTC 
ATT GAA CAC C 

Cof-Long GTTACC CTCGAG ATGGC CTCGGTGTG GC 
AATTCG AAGCTT CG GCTGCCGCCGCTGCCGCC 
TTTCTTCACTTCTTCTGG 

59N GTTACC CTCGAG ATGGC CTCGGTGTG GC 
AATTCG AAGCTT CG GCTGCCGCCGCTGCCGCC ATC TCC TAC 
CAG GAT CTC 

48AA GTTACC CTCGAG ATG GTG GGG CAG ACT GTG GAC 
AATTCG AAGCTT CG GCTGCCGCCGCTGCCGCC CTC GGG GGC 
CCA GAA GAT 

59C GTTACC CTCGAG ATG AAT GCA CCC CTC AAG AGC 
AATTCG AAGCTT CG GCTGCCGCCGCTGCCGCC CAA AGG CTT 
GCC CTC CAG 

 

5.1: Experimental Design 

 A PCR (New England Biosciences, Q5 Polymerase) was conducted with forward and 

reverse primers (Table 2) for each of the proposed sections and an 1% agarose gel was run to 
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separate the DNA bands. The DNA was then extracted from the gel and a DNA ligation reaction 

was conducted using T4 DNA ligase (10 μL total; T4 DNA ligase 1 μL, T4 Ligase buffer 1 μL, 

Vector 1 μL, Insert (PCR product) 4 μL, deionized distilled water 3 μL) and let sit at 4°C 

overnight.  

 A bacterial transfection was conducted with competent E. coli cells. Aliquots (200 μL) of 

competent E. coli cells were placed in 1.5 mL tubes, the ligation reaction product (4 μL) was added 

and allowed to sit on ice for 30 minutes. The mixture was heat shocked at 42°C for 30 seconds and 

recovered on ice for 2 minutes. Super Optimal Broth (SOC) media (500 μL) was added to the cells 

and allowed to shake for 1 hour at 37°C. The cells were then plated (300 μL) on a Kanamycin 

resistant plate and incubated at 37°C overnight. A MINI prep was conducted on the cells to isolate 

the DNA and checked for accuracy using a Diagnostic PCR. These sections were sent for 

sequencing.  

The cofilin were then tested using a test transfection using the MINI prep product 

(~2000 ng of DNA). For a 6-well plate size transfection reagent procedure, 5 μL of P3000 was 

added to the DNA. In a separate container, 125 μL of Opti-MEM and 3.75 μL Lipofectamine 3000 

reagent per sample were mixed to make a stock. The reagent stock (~127 μL per sample) was 

added dropwise to an aliquot of HeLa cells with a GFP control sample and allowed to incubate at 

37°C overnight. The next day the cells were imaged using a confocal microscope. 

For optogenetic experiments, the cofilin fragments were kept with the GFP tag. However, 

to open the GFP channel for other imaging applications on the cofilin fragments, the GFP tag on 

the Actin-CIB-GFP construct had to be removed. Using the same concept and the 6-well plate size 

Lipofectamine 3000 procedure, the fragment (1000 ng, Fragment-GFP), Actin-CIB-STOP 

(1000 ng) and CofilinS3E-Cry2-mCherry (1000 ng) were triple transfected into a HeLa cell 
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concentration of (~200,000 cells/mL) and incubated at 37°C overnight. Before imaging on the 

Leica Fluorescence microscope, the cells were treated with the stress inducing solution for 5 

minutes. 

For fixed cell experiments, the cells were single transfected with 2000 ng of DNA from the 

cofilin fragments. The next day, the media was aspirated from the HeLa cells and washed with 

1 mL of DPBS. The cells to be treated were removed from the incubator and 1 mL of the stress 

inducing solution (0.01 M sodium azide: 0.006M DDG) was added to the cells and incubated at 

37°C for 1 hour. The cells were removed from the incubator and washed with 1 mL of DPBS and 

1 mL of pre-warmed fixative (37°C; 4% PFA (Electron Microscopy Sciences and DPBS)) and 

allowed to sit at room temperature for 45 minutes. The fixative was removed, and the cells were 

washed with DPBS, covered in 1.5 mL of DPBS, wrapped in parafilm and placed in the refrigerator 

until ready to perform the immunostaining. 

 For the immunostaining process, the cells were permeabilized for 3 minutes with pre-

chilled methanol ( -20°C) then blocked for 30 minutes with CST Ab dilution buffer (30 μL Triton 

X-100, 0.1 g of BSA, and 10 mL of DPBS) and incubated overnight at 4°C with primary mouse 

actin antibody and 1:500 in Ab dilution buffer. The following day, the primary antibody solution 

was removed via pipette and washed 3 times with 1 mL of DPBS. The cells were then incubated 

with anti-mouse Texas Red for 1 hour at room temperature followed by a wash with DPBS (3 

times) and stored in 1.5 mL of DPBS and a DAPI stain was applied before imaging. The images 

were collected on a Zeiss Confocal microscope. 
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5.2: Actin Localization Under Stressed Conditions 

Though very slight, the cofilin “Long” fragment gave promising results as there was 

evidence of cofilin concentrations around the membrane of the cells as seen in the imaging data in 

Figure 20 below. 

 

Figure 20: Change in Peptide Localization 
Leica widefield microscope; Transfected HeLa cells on the GFP channel (Grey) with the cofilin 
Long fragment found in Table 1 (including GFP) and a control (GFP vector only). Notice the 
localization along the edges as compared to the control. 
 
When observing the short fragment transfected cells, the change in the cell’s GFP concentration 

when compared to the GFP control did not exhibit any change as compared to the long fragment 

transfect cells.  This led us to breaking the cofilin-1 protein down further into other sections based 

on the binding sites of cofilin to actin to investigate for protein binding to these sites during the 

stress conditions when actin-cofilin rods should form. The fragments used in the experiments were 

based on cofilin’s F and G binding sites to actin (Shown in Figure 18 and Table 1). Using fixed 

cell experiments using actin immunostaining, we were able to observe the overlay with the 
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fragments and actin with and without the stress conditions. From the native actin localization 

experiments including the transfection of the fragments shown in Figures 21-26, it is speculated 

that before stress conditions, the long and 59C fragments can bind to actin at the F and G-site and 

can stay bound even after the stress solution is applied. The short, 48AA and 59C fragments show 

no signs of actin localization before or after the stress conditions. These observations are 

represented in Table 3. 

 

Figure 21: Cofilin Peptide Fragment expt; Control 
Zeiss 700 Confocal microscope images; Control Non-stress and stressed conditions (1 mL; 0.01 M 
sodium azide: 0.006 M DDG, 1 hr). Immunostained with both DAPI (Blue) and actin primary 
antibody-Texas Red (Red). 
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Figure 22: Cofilin Peptide Fragment expt; Short 
Zeiss 700 Confocal microscope images; Short fragment (from left to right) Non-stressed GFP 
channel (Green), Texas Red channel (Red), and Overlay (GFP, Texas Red, DAPI (Blue)); stressed 
conditions (1 mL; 0.01 M sodium azide: 0.006 M DDG, 1 hr) GFP channel, Texas Red channel, 
and Overlay. 
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Figure 23: Cofilin Peptide Fragment expt; Long 
Zeiss 700 Confocal microscope images; Long fragment (from left to right) Non-stressed GFP 
channel (Green), Texas Red channel (Red), and Overlay (GFP, Texas Red, DAPI (Blue)); stressed 
conditions (1 mL; 0.01 M sodium azide: 0.006 M DDG, 1 hr) GFP channel, Texas Red channel, 
and Overlay. 
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Figure 24: Cofilin Peptide Fragment expt; 48AA 
Zeiss 700 Confocal microscope images; 48AA fragment (from left to right) Non-stressed GFP 
channel (Green), Texas Red channel (Red), and Overlay (GFP, Texas Red, DAPI (Blue)); stressed 
conditions (1 mL; 0.01 M sodium azide: 0.006 M DDG, 1 hr) GFP channel, Texas Red channel, 
and Overlay. 
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Figure 25: Cofilin Peptide Fragment expt; 59N 
Zeiss 700 Confocal microscope images; 59N fragment (from left to right) Non-stressed GFP 
channel (Green), Texas Red channel (Red), and Overlay (GFP, Texas Red, DAPI (Blue)); stressed 
conditions (1 mL; 0.01 M sodium azide: 0.006 M DDG, 1 hr) GFP channel, Texas Red channel, 
and Overlay. 
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Figure 26: Cofilin Peptide Fragment expt; 59C 
Zeiss 700 Confocal microscope images; 59C fragment (from left to right) Non-stressed GFP 
channel (Green), Texas Red channel (Red), and Overlay (GFP, Texas Red, DAPI (Blue)); stressed 
conditions (1 mL; 0.01 M sodium azide: 0.006 M DDG, 1 hr) GFP channel, Texas Red channel, 
and Overlay. 
 
Table 3: Cofilin Fragment Localization Patterns  
Observed properties of cofilin fragments before and after the introduction of stressed conditions 
 

Cofilin Fragments Actin Localization Actin Localization –
Stressed Conditions 

No actin localization 

Short 
  

X 

Long X X 
 

48AA 
  

X 

59N 
  

X 

59C X X 
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The 59C fragment contains a binding site of cofilin that shares some binding residues in the Go-

site of actin (residues 341–342, 345–346, 348–351, 355)26 to a known F-actin binding protein 

called “LifeAct” that is also in a similar α-helix structure.36 

 

Figure 27: LifeAct to Cofilin Comparison 
LifeAct bound to F-actin (Left) as compare to the G-site α helix found in cofilin and the 59C 
fragment (Right) made for these experiments (Figure from Belyy et. Al. 2020).37 
 

LifeAct has had some side effects that have been exhibited during its use as an F-actin 

biomarker that could potentially cause unwanted cellular activities to occur such as impacting actin 

stress dynamics and cytoskeletal network failures caused by an unwanted redetection in the native 

binding affinity of cofilin to actin.38,39 Further research into and mutations of this fragment may 

bring to light a peptide sequence that has the same binding affinity to actin without the unwanted 

artifacts of LifeAct. 



Chapter 6: HEK 293T Cell Line used for More Abundant 

Triple-Transfected Cells 

During the previously mentioned experiment involving a HeLa cell model, the 

experimental data was, at times, difficult to discern. This is mostly due to consistent lack of 

transfection efficiency through all experiments with co- and triple transfections in the HeLa cell 

model. To combat this and to have another cell line to compare my findings to, I had decided to 

include the HEK-293T cell line in my investigation of actin-cofilin rod inhibition. Many 

researchers today use the HEK-293T cell line because of its high transfection rate.40,41 I used the 

same procedures that were used in the nonhydrolyzable ATP and cofilin fragment HeLa cell line 

experiments to observe whether my results were reproducible or if the new cell line will give me 

something new entirely with a much better transfection efficiency. 

6.1: Experimental design 

A small dish of HEK-293T cells (~200,000 cells/mL) was prepared. Before imaging, the 

cells will be washed and saturated with DPBS. After initial imaging, 4.8 μL of the stress inducing 

solution will be added to the cells and incubated at 37°C for 15 minutes and imaged again to 

monitor changes. The cells will be transfected with the fragments 1 day prior to stress treatment 

using the Lipofectamine 3000 protocol leaving one control and one stressed control. Again, prior 

to imaging, the cells will be washed and saturated with DPBS. After the initial imaging, the cells 

will be treated with the stress inducing solution, incubated for 5 min, and then imaged to monitor 

localization changes. For fixed cell experiments, 1 mL of the stress inducing solution (0.01 M 

sodium azide: 0.006M DDG) will be added to the cells and incubated at 37°C for 1 hour. After 

incubation, the cells will proceed to the immunostaining process as described before. 
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For optogenetic experiments, the stress procedure is identical to the previous stress 

treatments. However, during the transfection step the process will include an extra step for the 

cofilin fragments. The cells for the nonhydrolyzable ATP analogues will be co-transfected with 

the Actin-CIB-GFP (1000 ng) and CofilinS3E-Cry2-mCherry (1000 ng) and will be imaged before 

and after stress solution treatment to monitor cluster formation. The cells for the cofilin fragment 

experiments will need to be triple transfected with the fragment (1000 ng, Fragment-GFP), Actin-

CIB-STOP (1000 ng) and CofilinS3E-Cry2-mCherry (1000 ng). This will be the key steps in 

observing differences between the HeLa cell model and the HEK-293T cell model. 

6.2: Results 

We have yet to determine whether the characteristics observed in the cell images are due 

to the influence of the introduced peptides or ATP analogues or if it is due to the HeLa cells being 

a cancerous cell model. This may need to be investigated further with using the HEK 293T cell 

line or trying to introduce these peptides and small molecules into neuronal cells directly to 

investigate any potential changes in the results. The majority of the optogenetic experiments 

encountered a lack of transfection efficiency making correctly double and, more abundantly, triple 

transfected cells difficult to observe. To combat this, I intend to duplicate the experiments in the 

HEK-293T cell line as it has a much higher transfection rate41 which could give us a larger array 

of data points to compare to my initial findings. 

6.3: Optogenetic Analysis with Peptide Mutations 

After actin localization and stressed conditions were observed, I wanted to investigate the 

possibilities of mutating the G-binding site of the 59C fragment. I also wanted to use the CofActor 

system with 59C fragment, and its mutations as compared to that of the “Long” fragment which 
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showed potential actin localization before and after the stressed conditions. This gave some 

interesting data regarding the overall cluster inhibition relative to the GFP intensity. With a lack 

of data points for intermediate GFP intensity to cluster formation, it was hard to discern a solid 

contradiction between the “Long” and 59C fragments. However, these two fragments did follow a 

pattern in contrast to the 59N fragment which, as previously mentioned, had shown no signs of 

actin localization before or after stress conditions. The results of these experiments can be seen in 

figures 28-31 where the samples were triple-transfected with an Actin-CIB-STOP, 

Cry2-mCherry-S3E Cofilin, and either an empty GFP vector (control) or a fragment-GFP fusion. 

Each experiment was conducted in HEK 293T cells, at the addition of the energetic stress solution, 

and exposed to blue light at 30-second intervals for a 10-minute duration. 

 

Figure 28: Optogenetic Cofilin Peptide expt; Control 
Leica widefield microscope images; Peptide transfection optogenetic experimentation, Control 
cells under energetic stress conditions. From left to right; mCherry channel (Grey) before and after 
light exposure and a GFP transfection affirmation (Green). 
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Figure 29: Optogenetic Cofilin Peptide expt; Long 
Leica widefield microscope images; Peptide transfection optogenetic experimentation, Long 
fragment transfected HEK 293T cells under energetic stress conditions. From left to right, top to 
bottom; mCherry channel (Grey) before and after light exposure and a GFP transfection 
affirmation (Green) with a lower and higher GFP intensity respectively. 
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Figure 30: Optogenetic Cofilin Peptide expt; 59N 
Leica widefield microscope images; Peptide transfection optogenetic experimentation, 59N 
fragment transfected HEK 293T cells under energetic stress conditions. From left to right, top to 
bottom; mCherry channel (Grey) before and after light exposure and a GFP transfection 
affirmation (Green) with a lower and higher GFP intensity respectively. 
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Figure 31: Optogenetic Cofilin Peptide expt; 59C 
Leica widefield microscope images; Peptide transfection optogenetic experimentation, 59C 
fragment transfected HEK 293T cells under energetic stress conditions. From left to right, top to 
bottom; mCherry channel (Grey) before and after light exposure and a GFP transfection 
affirmation (Green) with a lower and higher GFP intensity respectively. 
 

For the optogenetic experiments, the successfully transfected cells, cells that exhibited 

clusters, clusters per cell and relative GFP intensity were recorded to compare the fragments and 

their cluster inhibition properties. Interestingly, number of cells with clusters for the Long and 59N 

fragment weren’t much different from the control where, when a cell that was transfected with the 

fragment exhibited clusters, the number of cells were at or around the same number that we could 

observe in the control cells. However, the 59C fragment showed a lower percentage of cells 

exhibiting clusters that was statistically significant as compared to the control shown in the bar 

graph in Figure 32. To better compare the experiments, as there was a noticeable difference 
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between transfected cells and control cells, the cells were counted using ImageJ’s auto counting 

system where it narrows the relative intensity threshold of the image before light exposure and 

compares it to the same cell set after the 10-minute duration. The clusters per cell were then 

counted based on a pixel density from 20-200 and plotted against the normalized GFP intensity of 

the counted cells. The results of which are found in Figures 33-35. 

 

Figure 32: Optogenetic Cluster formation in Peptide Treated Cells 
Bar graph illustrating the % of cells with clusters of HEK 293T cells under energetic stress 
conditions with a stressed control and transfected with the Long, 59N and 59C fragments. Each 
experiment had a n=50 cells where Cof-59C was statistically significant (p < 0.05) compared to 
the control using a one-way ANOVA. 
 
The 59N fragment becomes obviously less efficient in decreasing the number of clusters per cell. 

When normalized to GFP intensity, the Long and 59C fragment experiments behave more 

similarly to each other in terms of average cluster per cell ratio.  Where not as clear in the bar 

graph, Figures 33-35 show more of a similar trend between the long and 59C fragment 

experiments as we seen a more negative trend as GFP intensity increases compared to the 59N 

fragment. More data points may need to be collected for these experiments as many cells with 
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intermediate clusters per cell/GFP intensity ratio were absent in both the long and 59C experiments 

which may have been crucial to theory that these two fragments do in fact inhibit cluster formation. 
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Figure 33: Normalized GFP Intensity vs. Clusters Per cell; Long 
Scatter plot of Long fragment experiment. Plotted Normalized GFP intensity in successfully 
transfected cells to the clusters of the cell. n=14 cells counted and GFP intensity calculated. 
 

 

Figure 34: Normalized GFP Intensity vs. Clusters Per cell; 59N 
Scatter plot of 59N fragment experiment. Plotted Normalized GFP intensity in successfully 
transfected cells to the clusters of the cell. n=15 cells counted and GFP intensity calculated. 
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Figure 35: Normalized GFP Intensity vs. Clusters Per cell; 59C 
Scatter plot of 59C fragment experiment. Plotted Normalized GFP intensity in successfully 
transfected cells to the clusters of the cell. n=15 cells counted and GFP intensity calculated. 



Chapter 7: G-Binding Site Peptide Investigation and 

Amino Acid Mutations 

Once the initial experiments were conducted, the results from the localization and 

optogenetic experiments lead to the investigation of the Long and the 59C fragment as they showed 

the most potential as inhibitory/ localization peptides respectively. The first stage of the 

investigation involved screening cells treated with different mutant variants of a smaller peptide 

variant, henceforth known as “COFPEP”. We emphasized the amino acids associated with the 

G-binding site to actin as it shares a similar structure to the available LifeAct actin-localizing 

peptide as mentioned before. Below is a table with representing the observed interactions with 

actin under non-stressed conditions where COFPEP and its mutant variants were transfected into 

HeLa cells. Table 4 and 5 shows the primers for COFPEP and its variants, the amino acid 

sequence with the areas highlighted in yellow (10), purple (11), and green (12) as the amino acids 

that were mutated at some point during the experiment and whether the transfected variant was 

actin-localized, mitochondria-localized, or showed no evidence of any localization. You can 

clearly see the actin localization from the LifeAct control in Figure 36 but as mentioned before, 

using LifeAct as an actin-localization peptide can cause unwanted artifacts and effect actin 

dynamics in an undesirable way. There is promising actin localization in A11L, S, V, and Y where 

A11L and A11S are the most abundant. When moving onto the next phase, we compared the Long, 

59C fragment with its original amino acid sequence along with the A11L and A11S variants, and 

the new COFPEP peptide with just the A11L and A11S variants. 
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Table 4: COFPEP Mutation Primers 
COFPEP Primers based on the phCMV-NGFP vector (Figure 19) changed based on their relative 
amino acid mutation. 
 

COFPEP 
Primers 

Forward 
Reverse 

COFPEP-Native TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT GCT TCG AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT CGA AGC ATA 

S12F TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT GCT TTT AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT AAA AGC ATA 

S12W TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT GCT TGG AGC AAG  
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT CCA AGC ATA 

YAS-KKF TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC AAA AAG TTC AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT GAA CTT TTT 

A11F TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT TTT TCG AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT CGA AAA ATA 

A11L TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT CTC TCG AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT CGA GAG ATA 

A11S TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT TCG TCG AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT CGA CGA ATA 

A11V TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT GTT TCG AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT CGA AAC ATA 

A11Y TTAACAGAT CTCGAG ATG AAC GCC CCC CTG AAA TCT AAA 
ATG ATC TAT TAT TCG AGC AAG 
AATTCG AAGCTT CG GCTGCCGCC AAG TTT CTT CTT GAT CGC 
GTC CTT GCT CGA ATA ATA 
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Table 5: COFPEP Mutant variants Localization Patterns  
COFPEP Peptide mutations and localization under non-stress conditions. Amino acids 10, 11 and 
12 are highlighted in yellow, purple, and green respectively. These amino acids were shown to be 
key factors in the G-binding site of cofilin to actin. The peptide was derived from the native amino 
acid sequence of cofilin with reference from the previously generated 59C fragment. 
 

COFPEP 
M-NAPLKSKMIYASSKDAIKKKL 

 

 
 

Actin 

Localization  
 

Mitochondrial 

 
 

None 
LifeAct Control X   

Native 12S COFPEP   X 
A12F   X 
A12W  X  

A10,11,12-KKF slight   
A11F slight   
A11L X   
A11S X   
A11V X   
A11Y X   
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Figure 36: COFPEP Mutant Variant expt; LifeAct Control 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. LifeAct 
Peptide control under non-stressed conditions (from left to right) GFP channel (Green), Texas Red 
channel (Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 

 

Figure 37: COFPEP Mutant Variant expt; Native 12S 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. Native 12S 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 
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Figure 38: COFPEP Mutant Variant expt; 12F Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. 12F mutation 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 

 

Figure 39: COFPEP Mutant Variant expt; 12W Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. 12W mutation 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 
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Figure 40: COFPEP Mutant Variant expt; YAS-KKF Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. Y10A11S12-
KKF mutation peptide under non-stressed conditions (from left to right) GFP channel (Green), 
Texas Red channel (Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 
 

 

Figure 41: COFPEP Mutant Variant expt; 11F Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. 11F mutation 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 
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Figure 42: COFPEP Mutant Variant expt; 11L Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. 11L mutation 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 

 

Figure 43: COFPEP Mutant Variant expt; 11S Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. 11S mutation 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 
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Figure 44: COFPEP Mutant Variant expt; 11V Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. 11V mutation 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 

 

Figure 45: COFPEP Mutant Variant expt; 11Y Mutation 
Zeiss 700 Confocal microscope images; Native actin localization experimentation. 11Y mutation 
peptide under non-stressed conditions (from left to right) GFP channel (Green), Texas Red channel 
(Red), and Overlay (GFP, Texas Red, DAPI (Blue)). 
 

After we found that the new COFPEP A11L and A11S variants exhibited strong actin 

localization under non stress conditions, we decided to test these peptides under stress conditions 

and compare the inhibition/ actin-localization properties. This experiment was done without the 

optogenetic proteins as we were only looking at the peptides’ natural ability to inhibit actin-cofilin 

rod formation. At first, the experiment was imaged on the Zeiss 700 confocal microscope. 

However, it was difficult to determine an accurate rod count while looking through the planes of 
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the Z-stack system. Therefore, the cells were re-imaged on the Leica widefield microscope to 

obtain cell images that would allow for a more accurate rod per cell calculation when quantifying 

the data. Looking back at the previous COFPEP experiments, we also noticed that treatment with 

these peptides made it difficult to observe the Texas Red actin stain that we had originally used 

during the immunostaining process. When these experiments were conducted, we switched to an 

Alexa 568 immunostain which worked much better in viewing the actin-cofilin rods as well as had 

a much better fluorescence. Upon closer inspection of the cell images (Figures 46-52), the actin-

cofilin rods are clearly present in the control cells as many of the cells had multiple rods per cell 

with an average length of more than 4 μm. However, at first glance, the peptide-transfected cells 

do not seem to exhibit any significant rods. Upon closer examination, the peptide treated cells had 

lower rods per cell as well as a much smaller average rod size where some were even less than 

2 μm long. When comparing all the peptide-transfected cells to the control (Figure 53), all 

conditions were statistically significant compared to the control (p < 0.05; one-way ANOVA). 

Average rod size in the 59C, and the A11S variants of both the 59C fragment and the COFPEP 

peptide were around 3 μm long, where the COFPEP A11S variant was the shortest of the three. 

What is really promising is that the Long fragment, and both the 59C and COFPEP A11L variants 

all exhibited a very small average rod size at or lower than 2 μm meaning that it is possible these 

peptides are the most effective at inhibiting the formation of actin-cofilin rods during energetic 

stress conditions. 
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Figure 46: Cofilin Peptide and COFPEP Stress Condition expt; Control 
Leica widefield microscope images; Peptide-Actin localization under stress conditions, Control, 
1hr under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 0.375 M DDG). From left to 
right, Alexa 568 channel (Grey) and Merge channels (Alexa 568 & DAPI (Blue)). 
 

 

Figure 47: Cofilin Peptide and COFPEP Stress Condition expt; Long 
Leica widefield microscope images; Peptide-Actin localization under stress conditions, Long 
Fragment, 1hr under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 0.375 M DDG). 
From left to right, Alexa 568 channel (Grey), GFP channel (Green), and Merge channels (Alexa 
568, GFP & DAPI (Blue)). 



64 
 

 

Figure 48: Cofilin Peptide and COFPEP Stress Condition expt; 59C 
Leica widefield microscope images; Peptide-Actin localization under stress conditions, 59C 
Fragment, 1hr under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 0.375 M DDG). 
From left to right, Alexa 568 channel (Grey), GFP channel (Green), and Merge channels (Alexa 
568, GFP & DAPI (Blue)). 
 

 

Figure 49: Cofilin Peptide and COFPEP Stress Condition expt; 59C-A11L 
Leica widefield microscope images; Peptide-Actin localization under stress conditions, 59C 11L 
mutation, 1hr under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 0.375 M DDG). 
From left to right, Alexa 568 channel (Grey), GFP channel (Green), and Merge channels (Alexa 
568, GFP & DAPI (Blue)). 
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Figure 50: Cofilin Peptide and COFPEP Stress Condition expt; 59C-A11S 
Leica widefield microscope images; Peptide-Actin localization under stress conditions, 59C 11S 
mutation, 1hr under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 0.375 M DDG). 
From left to right, Alexa 568 channel (Grey), GFP channel (Green), and Merge channels (Alexa 
568, GFP & DAPI (Blue)). 
 

 

Figure 51: Cofilin Peptide and COFPEP Stress Condition expt; COFPEP-A11L 
Leica widefield microscope images; Peptide-Actin localization under stress conditions, COFPEP 
11L mutation, 1hr under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 0.375 M 
DDG). From left to right, Alexa 568 channel (Grey), GFP channel (Green), and Merge channels 
(Alexa 568, GFP & DAPI (Blue)). 
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Figure 52: Cofilin Peptide and COFPEP Stress Condition expt; COFPEP-A11S 
Leica widefield microscope images; Peptide-Actin localization under stress conditions, COFPEP 
11S mutation, 1hr under energetic stress conditions (4.8 μL; 0.625 M sodium azide: 0.375 M 
DDG). From left to right, Alexa 568 channel (Grey), GFP channel (Green), and Merge channels 
(Alexa 568, GFP & DAPI (Blue)). 
 

 

Figure 53: Average Length of Actin-Cofilin rods in Peptide/ COFPEP Treated Cells 
Bar graph comparing the average length of actin-cofilin rods in HeLa cells transfected with the 
Long, 59C (original, 11L &11S mutations) and COFPEP peptides (11L &11S mutations). Where 
n=10 cells per condition and all samples were statistically significant (p < 0.05) to the control 
condition via a one-way ANOVA. 



Chapter 8: Discussion and Conclusions 

Ultimately there are many things that go unanswered from what we have found in this 

research. The results that we accumulated during both main topics in the research each gave some 

promising answers to actin rod inhibition with the added actin localization efficiency of some of 

the created peptides and their variants. The nonhydrolyzable ATP experiments did not have the 

expected outcome that we had originally hypothesized once the results from the concentrations 

titration was quantified. Optogenetically, the ATP analogues didn’t have the anticipated reaction 

with the CofActor system that was introduced. This led to the idea that perhaps we are blocking 

necessary cell ion channels that were ATP dependent with the nonhydrolyzable analogues that 

which caused an influx in the cluster formation at different concentrations. Literature states that 

the P2X receptor has at least 3 molecules of ATP on the extracellular portion of the open P2X 

channels meaning that the nonhydrolyzable ATP analogues may be blocking the P2 receptors from 

opening.42 More work could be done to investigate what the main effects of the addition of the 

nonhydrolyzable ATP analogues are and bring light to pathways that may be more beneficial to 

actin-cofilin rod inhibition that have not been explored yet. The most promising aspect of this 

research is the potential that the cofilin peptides have as actin-cofilin rod inhibitors/ actin 

localizers. Recalling the peptide mutations and the more in-depth work with the G- binding site 

and COFPEP, these peptides may have a place in the market as a potential competitor to LifeAct 

without the unwanted artifacts that we have seen when using this actin-localizing peptide. More 

specifically, the A11 mutations from the G-binding site within the COFPEP and 59C fragment 

shows promise as this residue has shown to have some impact in native cofilin binding to F-actin.43 

As for the results from the native rod inhibition, the Long fragment may be a promising candidate 

for future variants as it resembles the data from the A11L variants of the 59C fragment and the 
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COFPEP peptide. What is most interesting is that it has the same effect as these variants but is 

ultimately from a different binding site to actin (F-site). The introduction of the optogenetic 

CofActor system to the peptide investigation left room for improvements as the number of clusters 

per cell indicated that the long and 59C fragments may be inhibiting the formation of the 

optogenetic clusters. After immunostaining the new peptides within the cells, we noticed that the 

Texas Red stain that we used was give fewer effective results in terms of observing actin 

localization. This could be due to interference from the peptides or a bad reagent but when looking 

at the light range of Texas Red, the range is much smaller than other fluorescent proteins which 

may be why we started to see a decrease in fluorescent response.44 When moving to Alexa 568, it 

acts more similar to mCherry which we have seen to be a more effective fluorescent protein based 

on some of our previous experiments. The mutant variants of the 59C fragment and COFPEP 

peptide may also show similar results. After investigating the localization of the COFPEP and the 

Cof-Long and 59C fragments, it is essential that we investigate the localization of native Cofilin-

1 in the Hela and HEK 293T cell lines to ensure that we are localizing to actin and not interrupting 

actin dynamics in any way. It is shown in the literature that native cofilin and overactive variants 

such as the S3ECofilin used in this research exhibit localization patterns to actin under stress 

conditions different from the ones that were seen in this research.45,46 Native cofilin-1 localization 

may be used as a control to observe any changes to the localization and/ or actin dynamics. 

Implementing the CofActor system to the Long, 59C, and COFPEP peptide may be an 

experiment that is conducted in the future once a library of suitable variants of the three have been 

screened. There is already an experiment underway that involves the CIB/ Cry2 system where the 

CofilinS3E-Cry2-mCherry will be introduced to a PEPTIDE-CIB-GFP treated cell where we try 

to recruit cofilin to actin and observe any changes to the actin bound peptides. Current research at 
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the Brody School of Medicine is looking into the peptides’ morphological characterization and 

introducing these constructs into untested biological instrumentation such as FRAP, and STORM 

super-resolution imaging of actin bundles. Using other microscope techniques such as FRAP; we 

could even learn more about the mobilities of these peptides within the cell lines.47 In the future, 

there might be a way to introduce these peptides and small molecules into clinical research 

scenarios so that they can screen for therapeutics that may be beneficial for actin-cofilin rod 

depolymerization or inhibition which can be seen as a way to treat patients with early signs of AD. 
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