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Abstract 

Stresses within the Actin Meshwork Control the Turnover of Fimbrin during Clathrin-

mediated Endocytosis 

Xiaobai Li 

2022 

 In this dissertation, I investigated the molecular mechanism of clathrin-mediated 

endocytosis (CME) in fission yeast with a sparse labeling strategy to track endocytic 

proteins at the single molecule level. CME is involved in a variety of biological 

processes, such as nutrient internalization and receptor recycling.  CME is also a well-

conserved biological process from yeast to mammalian cells. During clathrin-mediated 

endocytosis, about 60 different endocytic proteins are recruited to the endocytic site in a 

highly reproducible order. During the endocytic event, endocytic proteins assemble into 

endocytic structures, contributing to membrane invagination and endocytic vesicle 

formation. Based on the single molecule endocytic protein trajectories I obtained, I  

proved the significance of stresses within the actin meshwork.  I also investigated the 

dwell-time distribution of single molecules of fimbrin (a protein that crosslinks actin 

filaments) and provide new mechanisms for fimbrin-actin binding mechanism. To study 

the single-molecule endocytic protein dynamics, I upgraded a two-color Total Internal 

Reflection Fluorescence (TIRF) microscopy system to study the single molecule 

dynamics of endocytic proteins. The two-color imaging system can be applied to probe 

relative motions between endocytic proteins in further studies.  
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1 Introduction 

1.1 Clathrin-mediated Endocytosis 

Clathrin-mediated endocytosis (CME) is an essential and well-conserved process 

in eukaryotic cells1–3. It consists in the formation of small vesicles that internalize 

molecules from the plasma membrane and outside the cell into the cytoplasm4,5. In 

eukaryotic cells, since the plasma membrane is a barrier between the cell cytoplasm and 

the exterior environment, CME serves a significant role in transporting molecules into the 

cell interior for various purposes, such as nutrients uptake and recycling of receptors6. 

During CME in yeast, approximately 60 proteins are recruited in a highly reproducible 

temporal sequence1,7. Half of the endocytic proteins contribute to actin dynamics, which 

helps with producing the force necessary to shape the endocytic vesicle8. Specifically, 

CME generates vesicles of ~60-nm diameter9 to transport cargo molecules into the 

cytoplasm. The whole process initiates with the formation of a membrane coat where the 

membrane coat proteins are recruited from the cytosol to the endocytic sites and cluster 

on plasma membrane10–12. The plasma membrane is then induced to invaginate and form 

a clathrin coated pit (CCP)13. Then, the invaginated membrane is pinched off at the neck 

to generate an endocytic vesicle separated from the plasma membrane inside the cell14. 

Figure 1 illustrates the endocytic process with different stages. The endocytic structures 

are about 300nm in diameter11 and the vesicle formation process happens within ~10s10, 

which make it difficult to determine the precise temporal and spatial molecular 

organization of proteins during endocytic vesicle formation. In this work, we choose 

fission yeast (Schizosaccharomyces pombe) as model organism to study the endocytic 
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process. Fission yeast has relatively shorter doubling time (about 2.5hrs) compared to 

mammalian cells15. Also, fission yeast is a great model system because its genome can be 

edited rapidly and efficiently16. Most importantly, the endocytic proteins in fission yeast 

are highly conserved in other eukaryotic cells2.  
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Figure adapted from Lacy, et al17 

Figure 1. Schematic of endocytic structures 

The left schematic includes endocytic proteins of interest: act1p, acp1p, fim1p, arp2/3 

complex, end4p and clathrin. The top right shows the fim1p (green) labeled with SiR647 

dye (red). The bottom right shows typical micrographs of fission yeast cells where fim1p 

was tagged and labeled for single-molecule study. Red circles show where the single 

molecule spots are.  
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1.2 Endocytic Proteins 

The endocytic proteins can be categorized into three different groups: the 

membrane coat proteins, the actin meshwork related proteins and the scission proteins. 

Clathrin is a major component of the membrane coat. Clathrin assembles in clathrin 

triskelion to form a lattice18. For each clathrin triskelion, there are three clathrin heavy 

chains (chc1p) and three clathrin light chains (clc1p). The hexagonal and pentagonal 

clathrin lattice form the clathrin cage at the plasma membrane surface. During the 

formation of the clathrin coat, adaptor proteins are also recruited to the endocytic sites 

and link the clathrin coat and the actin meshwork to the membrane7. One example of 

adaptor protein in fission yeast is End4p, homologue of SLA2 in budding yeast and 

HIP1R in mammalian cells. End4p links the actin meshwork to the tip of the clathrin 

coated pit19. Adaptor proteins are also involved in the recruitment of clathrin and other 

endocytic protein to the endocytic sites20.  

Although several in vitro experiments showed that membrane can start to 

invaginate with only adaptor proteins21, in vivo, the contribution of force from the actin 

meshwork is also needed to form an endocytic vesicle8,22, which makes the whole process 

more complex.  Since unlike in mammalian cells, yeast cells have cell walls and a high 

turgor pressure22, it is hard for the membrane to invaginate. Under this scenario, the cell 

requires the contribution from actin meshwork assembly to provide extra force to help 

with the endocytic process. One evidence is that it has been shown by correlative 

fluorescence electron microscopy (CLEM) that the membrane invagination happens after 

the assembly of actin meshwork23. A schematic of actin meshwork can be found in 

Figure 1. Actin is the most abundant endocytic protein during endocytic process. It has 
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been shown that using drug Latrunculin A (LatA) to inhibit actin dynamics inhibits 

endocytic event. Treating yeast cells with 100µM LatA for 30min inhibits more than 90% 

of endocytic events24. Quantitative fluorescence microscopy has been utilized to show the 

motions of endocytic patches25–27.  

Some of other actin meshwork related proteins are also shown in Figure 1. 

During the assembly of the actin meshwork, actin monomers polymerize into actin 

filaments. New branches (daughter filaments) can be nucleated from existing actin 

filaments (mother filaments), requiring the activation of the Arp2/3 complex by the 

Wiskott-Aldrich Syndrome protein (WASp).  The actin filament lengths are usually 

within the range of 100nm to 200nm28. To control the filament length, actin disassembly 

happens at the same time as polymerization by disassembly factors (such as 

ADF/Cofilin). In addition, actin capping proteins (the Acp1p/acp2p heterodimer in yeast) 

cap the growing barbed ends of actin filaments and stop their polymerization.  

Within the actin meshwork, actin filaments are crosslinked by fimbrin (Fim1p)29, 

which is the second most abundant protein during endocytosis30. It has been shown by 

multi-color TIRF that fimbrin bundles actin filaments in both parallel and antiparallel 

orientation30. It is also shown that fimbrin can bundle branched actin filaments with the 

absence of actin capping protein31. Fimbrin has three domains: a EH domain, which has 

an unknown function in endocytosis, and two actin binding domains (ABD1 and ABD2), 

which have homologous structures. In vitro experiments showed that actin filaments 

crosslinking of any one of the actin binding domains alone (ABD1 or ABD2) is less 

efficient than full-length fimbrin31. Although ABD2 alone has lower crosslinking 

efficiency, it significantly increases the actin polymerization rate in vitro30. It was also 



14 
 

found that fimbrin competes with other actin binding proteins, such as ADF/Cofilin, and 

excludes tropomyosin from actin patches32–34. 

Scission proteins are recruited to the endocytic site near the neck of membrane 

invaginations and are believed to participate in pinching off the vesicle at the late stage of 

endocytosis35. Unlike the endocytosis in mammalian cells, where dynamin is involved in 

membrane scission, dynamin is not necessary in endocytosis in fission yeast27. Hob1p 

and Hob3p are the amphiphysin and endophilin homologues in fission yeast that are 

involved in membrane scission.  

1.3 Single Molecule Imaging in Yeast 

Single molecule imaging of live yeast cells has always been challenging. One of 

the challenges is autofluorescence, which comes from the cellular background and 

overlay the signal from expected fluorophores. Another challenge specific to yeast cell 

imaging is the yeast cell wall, which prevents most of the organic synthetic dyes from 

entering the yeast cell36. However, single molecule imaging is still the best way to 

visualize the dynamics of molecules within submicrometric structures37–39. In the past 

decades, the development of labeling strategies, imaging techniques and data analysis 

tools have made it possible to image single molecule with live yeast cells40.  

1.3.1 Labeling Strategies 

There are two different kinds of current common labeling strategies. One strategy 

is to edit the cell’s genome to fuse a fluorescent protein to the protein of interest. Since 

genetically tagging proteins in yeast cells have been extensively performed for 

decades41,42, fluorescent protein fusion is relatively easy and straightforward comparing 
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to doing so in other organisms. However, there are several disadvantages. For proteins 

with a high expression level, which is usually the case with endocytic proteins, fusing 

fluorescence proteins may end up with a large number of fluorophores close to each 

other. As a result, single molecule imaging cannot be achieved due to many fluorophores 

within one diffraction-limited spot. To deal with this problem, photoactivation 

localization microscopy (PALM) can be applied. For PALM, the activable fluorescent 

proteins can be switched on and off by an activation laser, where there is only a 

subpopulation of fluorophores activated at once43. In this case, better localization 

precision can be achieved.  

Another problem with fluorescent proteins is the size. Since fluorescent proteins 

are relatively large, it may hinder the dynamics of the protein of interest after tagging. 

For example, tagging mEGFP on C-terminal of actin result in fission yeast growth 

defect44,45. Another drawback of fluorescent proteins is that their photostability and 

brightness are usually worse than synthetic organic dyes46, which significantly affect the 

live cell single molecule imaging quality.  

Using synthetic organic dyes has several advantages. They have better brightness 

and photostability compared to fluorescent proteins. They are in general smaller than 

fluorescent proteins, even if we account for the tag that can be used to specifically label 

proteins of interest, which makes them less likely to hinder the dynamics of the protein of 

interest. Also, synthetic organic dyes span a wider spectrum compared to the fluorescent 

proteins, making them the primary choice of yeast cells single molecule imaging. 

However, since yeast cells have a cell wall and several drug exporters, it is often more 

difficult for the synthetic dyes to enter and remain in yeast cells than for mammalian 
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cells. It has been reported that using electroporation can help with the internalization of 

synthetic dyes into yeast cells47. However, electroporation affects the cell morphology 

and its viability which is not a negligible factor to be considered. Another concern of 

synthetic organic dyes is the potential nonspecific binding, which requires optimization 

and proper controls before performing the actual experiment.  

To image yeast cells with synthetic dyes, we need to fuse a protein tag to the 

protein of interest, which undergoes a self-labeling process to bind with the synthetic 

dyes. The most frequently used protein tags are CLIP48-, Halo-49 and SNAP-Tags50, 

which form covalent bonds with the synthetic dyes. The concentration of synthetic dyes 

can be tuned to achieve a desirable labeling efficiency, which makes it a most preferred 

choice for live cell single molecule imaging.  

1.3.2 Imaging Techniques 

The microscopy method plays an important role in yeast cell single-molecule 

imaging.  To maximize the photon count for single-molecule imaging, wide-field 

illumination is preferred compared to confocal illumination36. The choice of imaging 

technique can also be dependent on the target that we want to image. For example, in our 

lab, total internal reflection Fluorescence (TIRF) microscopy (Figure S1) is the ideal 

technique51,52 since our lab focuses on imaging single molecule dynamics of processes 

that happen on the cell plasma membrane, like endocytosis, and are close to the coverslip. 

In TIRF microscopy, the incident light travels to the interface between the cover slip and 

the sample with an incident angle larger than the critical angle, under which case there is 

no refraction but only reflection53,54. Since the cover slip and the sample have different 
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refractive index, an evanescent wave is generated at the interface penetrating through the 

sample55. The penetration length of the evanescent wave is typically shorter than 200nm 

for laser wavelengths typically used in biology56. As a result, the illumination is within 

200nm from the cell wall and cell membrane, making it a perfect set up to image 

endocytic events. Since the illumination of TIRF microscopy is limited, we can avoid 

most of the background fluorescence, for example, the autofluorescence from fission 

yeast cell nucleus.  

There are other imaging techniques utilized for single molecule imaging in yeast 

cells. For example, Highly Inclined and Laminated Optical Sheet (HILO) is extensively 

used in imaging the molecules in the cytoplasm or the nucleus57. In HILO, the incident 

angle is smaller than the critical angle, which leads to a larger penetration depth. For this 

reason, it is also called near-TIRF illumination. Although HILO has slightly worse 

signal-to-noise ratio compared to TIRF, its penetration depth can go up to about 3000nm, 

which is much larger than that in TIRF (about 200nm).   

Narrow-field microscopy is another commonly used imaging technique for single 

molecule imaging. For narrow-field microscopy, the illumination focuses on a single cell 

to increase the illumination intensity. It allows fast imaging since higher illumination 

intensity leads to more photons emitted by fluorophores and thus shorter exposure time is 

required58,59. However, higher illumination intensity also leads to higher possibility of 

photodamage60.  

Light Sheet Fluorescence Microscopy (LSFM) is also a powerful technique that 

can be applied for single molecule imaging. LSFM projects a plane of light (light sheet) 

with one of the objectives to only illuminate a thin slice of the sample and use another 
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objective perpendicular to the first one to detect the fluorescence. It can avoid 

photodamage and achieve high signal-to-noise ratio61,62. However, if LFSM is used to 

image small sample as yeast cells, the two objectives could have steric hinderance 

relative to each other, making it difficult to focus63,64. Thus, LSFM is not considered to be 

a good single molecule imaging technique for yeast cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

 

Figure S1. Schematic of total internal reflection fluorescence (TIRF) microscopy 

Image adapt from MicroscopyU 

(https://www.microscopyu.com/techniques/fluorescence/total-internal-reflection-

fluorescence-tirf-microscopy) 
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1.3.3 Data analysis 

Another important component of single molecule imaging is data analysis. The 

first step in single molecule image data analysis is to determine the localization of each 

detected spot by fitting each spot with the 2D Gaussian distribution to denoise65–68. In this 

way, we can filter out the diffraction-limited spots withing the noise from different 

sources.  After the detected spots are filtered, we need to find the same fluorophore 

detected in a series of consecutive frames and group them together. Several difficulties 

have made this step very challenging. One of the challenges is that the molecules are not 

only moving in the xy-plane, but also along the z-axis. For example, if we use TIRF 

microscopy to image the endocytic proteins during endocytic events, we usually set the 

focus to be near the bottom edge of the cell membrane, where the evanescent wave is 

generated. The endocytic structures span about 150 nm in length along the z-axis which 

indicates the range of the z-axis dynamics of endocytic proteins. Although the penetration 

length of the evanescent wave can be up to 200nm, since the evanescent wave field 

intensity decays exponentially as the penetration length increase69, the imaging quality 

will decrease as the molecules moving along z-axis as well. There are several algorithms 

developed for single molecule imaging spots filtration and spots linking70–73. One of the 

commonly used algorithms is to first link the detected spots in consecutive frames into 

segmented tracks, which are then linked into trajectories later36. PYME71 developed by 

David Baddeley is the software our lab used for single molecule image analysis.  The 

details of imaging analysis with PYME can be found in Methods and Experimental 

Design section in this dissertation. 
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After the spot filtration and spot linking, we need to calculate the dynamics 

related quantities of single molecules of interest. One of the important quantities is mean 

squared displacement (MSD). By plotting MSD versus time interval, we can determine 

the type of diffusion and the diffusion constant74,75.  

It is possible that the trajectories of proteins we collected may consist of more 

than one type of diffusion. We could not simply fit the single molecule dwell-time 

distributions to an exponential function which indicates the molecule does not bind with a 

simple mass actin kinetics and its kinetics might contain multiple steps. However, 

directional motion is another possible component of the protein motion. In this case, a 

Hidden Markov Model (HMM) Bayesian Analysis can be applied to study different 

diffusion types within one trajectory76–79.  

1.4 Open Questions in the Field 

In the past 30 years, researchers have identified about 60 kinds of endocytic 

proteins, figured out different stages during the endocytic process.  More specifically, the 

order of recruitment of endocytic proteins and the specific endocytic event timeline have 

been extensively studied with various experimental approaches. However, there is still 

much unknown remaining, most of which are related to specific mechanisms at the 

nanometer scale. For example, it is known that the actin meshwork contributes to the 

production of the force required for membrane deformation, but the mechanisms of how 

the force is produced by the actin meshwork remains poorly understood. Since the yeast 

cells’ turgor pressure is high, the amount of force needed for membrane invagination is 

higher than the amount of force the actin meshwork can produce based on the known 
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amount of actin molecules involved in endocytosis. In this thesis, I will illustrate the 

importance of stress within the actin meshwork and the mechanosensitive properties of 

the actin filament crosslinking protein fimbrin (Fim1p), which were not known before. 

Another unknown question is the relative motions of different endocytic proteins within 

the endocytic structures at the nanometer scale, which can help with understanding how 

different endocytic proteins are recruited and work together around endocytic sites. There 

are several technical difficulties: endocytic structures are smaller than the diffraction 

limit and membrane deformations linked to endocytic events happens within 10s. In this 

thesis, I will also explain the design of a two-color imaging system with total internal 

reflection fluorescence (TIRF) microscopy to measure the relative motions of endocytic 

proteins to endocytic sites.  
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2 Single Molecule Dwell-Time Distribution of 

Fimbrin Shows an Extra Peak 

2.1 Background and Motivation 

CME is an essential biological process conserved from yeast cells to mammalian 

cells. In fission yeast, the formation of a ~50nm-diameter endocytic vesicle takes about 

20 seconds. However, how the endocytic proteins recruited to the endocytic site work 

together to shape a vesicle remains elusive. For example, theory predicts that 3000pN80,81 

force is needed to deform the yeast cell membrane during endocytic process and actin 

polymerization has been believed to be the source of the force needed. However, 

quantitative studies have determined that the number of actin filaments at endocytic site 

is smaller than 150, which is significantly not enough to produce 3000pN force by 

polymerization alone82. A better understanding of how the endocytic proteins contribute 

to the force production during endocytic events is needed. Since the whole process 

happens within a short time range and a length scale that is under diffraction limit, it is 

difficult to visualize the endocytic event using conventional fluorescence microscopy 

techniques.  

 Endocytic structures have been extensively studied with different microscopic 

techniques. Fluorescence recovery after photobleaching (FRAP) and Electron 

Microscopy (EM) data showed that the clathrin coat assembles on the flat membrane and 

induce the membrane invagination. Wide-field epifluorescence microscopy with a two-

color dual-view add-on has been used to show the dynamics of endocytic patches during 
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membrane invagination and vesicle pinched off25. However, motions within the 

diffraction-limited endocytic patches could not be measured accurately.  

Super-resolution imaging can also be applied to image endocytic structures. The 

idea of super-resolution is to take a time series of diffraction limited images and each 

image contains a few numbers of fluorophores. The position information of each detected 

fluorophore can be combined and reconstructed to the whole structure83.  However, the 

dynamics of single-molecule endocytic protein have not been visualized due to the small 

size of endocytic proteins and their fast movements.  

Our lab has developed a sparse labeling protocol which allows us to track single 

copies of endocytic proteins within the endocytic structures. Using this strategy, the lab 

tracked ten key endocytic proteins at single-molecule level and measured their dwell-time 

and their dynamics. It has been found that the average single-molecule endocytic protein 

dwell-time is less than 2 seconds for all the proteins tracked. However, the overall 

lifetime of endocytic protein in patches is between 20 seconds and 25 seconds25, which 

indicates that endocytic proteins turn over rapidly during an endocytic event.  

An interesting feature that brought to our notice is that the dwell-time distribution 

of fimbrin contains two peaks, where all other endocytic proteins dwell-time distribution 

only contains one peak. We hypothesized that the extra peak detected in fimbrin dwell-

time distribution was from the force dependent unbinding between fimbrin and actin, 

which was suggested by the modeling work done by Iman, et al. We tested this 

hyphothesis in different ways illustrated in section 3. 
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2.2 Results 

We applied single molecule tracking to the SNAP-SiR64784 labeled fimbrin 

(Fim1p), actin (Act1p) and one subunit of the actin capping protein (Acp1p) (Figure 2). 

Fimbrin is a crosslinker of actin filaments. The capping protein binds to the barbed end of 

actin filaments to stop their polymerization. The dwell-time distribution of single 

molecule of Fim1p contained two peaks: one fast peak at ~0.5s and one slow peak at 

~1.0s. The dwell-time distribution of single molecule Act1p and Acp1p both contained 

only one peak, which overlapped with the slow peak detected in Fim1p result. For all the 

protein of interested mentioned (Fim1p, Act1p, Acp1p), the dwell-time distributions had 

been measured by Lacy, et al with the same labeling and single molecule tracking 

method. Of all the proteins, the actin filament crosslinking protein was the only one 

whose dwell-time distribution contains two peaks.  
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Figure S2. Schematic of binding between SNAP substrate and SNAP-tag 

The dye binds to SNAP-tag with a covalent bond formation releasing Guanine.  
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Figure 2. The dwell-time distributions of acp1p, act1p and fim1p 

All three dwell-time distributions have a peak around 1 second, labeled as A, and referred 

to as the slow peak. The dwell-time distribution of fim1p has an extra peak around 0.5 

second, labeled as B, and referred to as the fast peak. 

The dwell-time distribution of acp1p contains 8577 tracks analyzed from 15 movies. 

The dwell-time distribution of act1p contains 14283 tracks analyzed from 15 movies. 

The dwell-time distribution of fim1p contains 21475 tracks analyzed from 25 movies. 
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3 Reducing the Stresses within the Actin 

Meshwork Results in the Disappearance of the 

Fast Peak 

We would like to figure out where the two peaks detected in fim1p dwell-time 

distribution came from. We released the stresses within the actin meshwork to test if the 

unique peak detected in fim1p dwell-time distribution was due to the mechanical stresses 

in the endocytic actin meshwork. We first deleted the adaptor protein end4p, which 

linked the actin meshwork and the plasma membrane at the tip of the endocytic 

invagination. We found that the dwell-time distribution of fim1p in end4Δ cells (Figure 

3) only had one peak that overlapped with the peak from dwell-time distribution of act1p 

and acp1p. The fast peak in the wild type fim1p dwell-time distribution disappeared when 

end4p was deleted.  We then treated the cells with the latrunculin A (LatA) drug, which 

inhibits the polymerization of actin filaments. We then applied our single-molecule 

tracking strategy to fim1p in LatA treated cells (Figure 4). The fast peak present in fim1p 

dwell-time distribution in control conditions disappeared when cells were treated with 

LatA.  

We also tried to split fim1p in half to release the stresses on fimbrin and within 

actin meshwork. We introduced the self-cleaving 2A peptide within the sequence of 

fim1p. The 2A peptide is a 20 amino-acid sequence that forces ribosomes to miss the 

formation of a covalent bond, therefore expressing the protein into two fragments in 

virtually the same quantity. Fim1p has three domains: a EH domain, which has an 
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unknown function, and two actin binding domains (ABD1 and ABD2). We made 

constructs to split fim1p at two different locations: 1) between the EF hand and ABD1 

and 2) between ABD1 and ABD2. Since the SNAP tag was added at the C-terminus end 

of the Fim1p, we were able to determine the dwell-time distribution of ABD1-ABD2 or 

ABD2 (Figure 5). The dwell-time distribution of ABD1-ABD2 resembled the 

distribution we obtained for act1p, with only one peak at ~1.0s. Therefore, the EH 

domain was necessary for the second peak in fim1p dwell-time distribution. In contrast, 

the dwell-time distribution of ABD2 had a single peak at ~0.5s, which overlapped with 

the extra peak in the dwell-time distribution of full-length fim1p. 

We proposed a working model  to explain our data (Figure 6). The unbinding rate 

constant of ABD1 alone is slow, and essentially driven by actin disassembly. The 

unbinding rate constant of ABD2 alone, however, is fast. The unbinding of an ABD1-

ABD2 construct would then be essentially driven by the unbinding of the slowest domain 

(ABD1). Because unbinding of ABD1 is slow, the disappearance of these constructs is 

driven by actin disassembly, which is much faster. However, the distribution of full 

length fimbrin looks like a combination of both ABD1 and ABD2 distributions. Since 

reducing the stress in the actin meshwork makes the extra peak of fimbrin dwell-time 

distribution disappear, we propose that the EH domain makes the slow ABD1 detachment 

rate faster, in a force dependent way. According to this model, the subpopulation of 

fimbrin under stress would essentially behave like ABD2 alone and another 

subpopulation not under stress would behave like ABD1 alone. 
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Figure 3. Dwell-time distribution of Fim1p in wild type and end4 Δ fission yeast cells 

The dwell-time distribution of Fim1p in wild type cells is shown in green. The dwell-time 

distribution of Fim1p in end4Δ is shown in magenta. End4p is the adaptor protein that 

links membrane to the actin meshwork, which is highlighted with red circle in the 

schematic on the left. In end4Δ cells, the dwell-time distribution of Fim1p only has one 

peak around 1 second.  

The dwell-time distribution of Fim1p with end4Δ contains 6166 tracks analyzed from 15 

movies. 
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Figure 4. Dwell-time distribution of fim1p in wild-type cells in control conditions 

and in the presence of Latrunculin A  

Fission yeast cells were treated with 100µm Latrunculin A (LatA) for 30 minutes. The 

dwell-time distribution of fim1p in wild-type cells is shown in green. The dwell-time 

distribution of fim1p in end4Δ is shown in cyan. In LatA treated cells, the dwell-time 

distribution of fim1p only has one peak around 1 second. 

The dwell-time distribution of Fim1p with LatA treatment contains 7029 tracks analyzed 

from 15 movies. 
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Figure 5. Dwell-time distribution of Fim1p mutants  

The 20 amino-acid self-cleaving peptide sequence was genetically introduced into fim1p 

genome at two different locations. In the left figure, the self-cleaving peptide is between 

the EH and ABD1 domains. The ABD1-ABD2 construct has a single peak around 1 

second.  In the right panel, the self-cleaving peptide was introduced between the ABD1 

and ABD2 domains. The dwell-time distribution of Fim1p ABD2 domain has a single 

peak around 0.5 second. 

The dwell-time distribution of ABD1-ABD2 contains 8260 tracks analyzed from 15 

movies. 

The dwell-time distribution of ABD2 contains 6194 tracks analyzed from 15 movies. 
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Figure 6. A working model for the crosslinking of actin filaments by fimbrin 

Actin filaments are shown as blue rods. The model proposes that the unbinding rate 

constant of ABD1 alone is slow, and essentially driven by actin disassembly, whereas the 

unbinding rate constant of ABD2 alone is fast. The unbinding of an ABD1-ABD2 

construct would then be essentially driven by the unbinding of the slowest domain 

(ABD1). 
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4 Visualizing the Single-Molecule Dynamics of 

Endocytic Proteins with Two-color TIRF 

Microscopy 

4.1 Background and Motivation 

Since the detailed mechanism of how endocytic proteins cooperate together to 

produce force during clathrin-mediated endocytosis is still elusive, we decided to build a 

two-color TIRF imaging system. Using two colors, we will be able to determine how 

proteins move relatively to each other within the endocytic structure and better 

understand how forces are produced. Our first plan was to image two endocytic proteins 

at single molecule level. However, since we sparsely label the proteins of interest, finding 

two spots of two different endocytic proteins at the same endocytic site has very low 

probability. Therefore, we decided to tag all the copies of one protein of interest with a 

fluorescent protein to locate the center of mass of this protein in the endocytic patch, and 

determine the movements of single-molecules of a second protein of interest relatively to 

this center of mass. 

4.2 Results 

The initial imaging system we used for two-color TIRF imaging is a single color 

TIRF microscope equipped with 555nm and 640nm laser. To do two-color imaging, we 

had to switch between two channels every 100ms. In this case, it is not the most suitable 
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way to visualize single molecule endocytic protein based on their known fast turn over 

behavior.  

We imaged two different endocytic proteins with different labeling strategies. We 

imaged one protein of interest at single molecule level as described in previous chapters. 

The other protein of interest was labeled with a fluorescent protein. In this case, we can 

calculate the center of mass of the endocytic protein patch and use it to determine the 

relative movements of the first protein of interest relatively to the endocytic structure. To 

find out the most suitable labeling strategy, we tested several different fluorescent 

proteins for patch tracking with two-color TIRF system.  

We started with the existing mCherry strains in our lab. We used a 561nm laser to 

excite mCherry and found that there are autofluorescence that cannot be filtered out 

(Figure S3). We also found bleed though between mCherry and SiR647 emission 

channels. For these reasons, we switched to using mEGFP. mEGFP has also better 

brightness than mCherry, which makes it a better candidate for our two-color imaging 

experiments. In addition, the emission profile of mEGFP is far from that of SiR647, 

which helps us to avoid bleed through artifacts. We also started to use a two-color TIRF 

microscope with Gemini W-view system, which allows us to image both fluorophores 

simultaneously with 488nm and 640nm laser. Also, there is no need to switch between 

channels every 100ms anymore.    

In Figure 7, we present some preliminary results for imaging mEGFP-fim1 acp1-

SNAP-SiR647 strain with two-color TIRF microscope. By illuminating the sample with 

the 488nm laser, we did not detect much bleed through into the SiR647 emission channel. 

By using both 488nm and 640nm laser, we could collect both patch and single molecule 
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information simultaneously. We have analyzed the spots detected in SiR647 channel and 

found that the dwell-time is comparable to what we obtained from single color TIRF 

imaging experiment (~1.5s). However, due to some software synchronization issues, we 

were not able to tune the 640nm laser intensity to achieve the best imaging quality. The 

labeling efficiency of SiR647 needs to be tuned to a lower level as well.  

Instead of imaging fim1p patch, using myo1p patch could be a better choice. It 

has been shown that myo1p patch form a ring shape structure around the neck of CCP 

and remains at the plasma membrane after the vesicle is pinched off. Also, we imaged 

myo1p at single molecule level and calculated MSD. From the MSD plot of Myo1p 

(Figure S4), myo1p has a hindered motion in limited region compared to fim1p. For this 

reason, we can use myo1p-mEGFP as a good reference of the location of endocytic cite.  
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Figure S3. Myo1-mCherry strain imaged by two-color TIRF system   

Left: myo1-mCherry strain imaged with 561nm laser. Right: myo1-mCherry strain 

imaged with 561nm laser and 647nm laser simultaneously. Autofluorescence can be 

detected from the background in the left figure. There is laser bleed through between 

mCherry and SiR emission channels.  
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A 

 

B 

 

Figure 7. Preliminary results of two-color TIRF imaging system 

Left is mEGFP emission channel. Right is SiR647 emission channel. 

A: mEGFP-fim1 acp1-SNAP strain imaged with 488nm laser 

B: mEGFP-fim1 acp1-SNAP strain imaged with both 488nm and 640nm laser 
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5 Outlook 

Up to now, we investigated the dwell-time distributions of single-molecule 

endocytic proteins. More specifically, we focused on the proteins related to the actin 

machinery and provided new understanding of actin crosslinking mechanisms. There is 

still much potential to use our strategy to better understand the molecular mechanisms of 

endocytosis.  

In this dissertation, we only included two different fim1p truncated constructs 

(ABD1-ABD2 and ABD2). Single molecule tracking of other fim1p truncated constructs 

could provide more insights of the function of EH domain.  

Since the two-color TIRF imaging system was already built, measuring single 

molecule motions relative to the endocytic patch would help us understand how 

endocytic proteins cooperate with each other. For better imaging quality with two-color 

TIRF, we have tried to fuse Halo-tag to fim1p and label with JF646 and obtained some 

promising preliminary results. Future two-color imaging experiments can use JF dyes 

with better brightness and photostability as a substitution of SiR647. However, the steric 

hindrance of fusing Halo-tag to endocytic proteins needs to be considered, since the size 

of Halo-tag is about 32 kDa, which is comparable to mEGFP and larger than the SNAP-

tag (17.5 kDa)  

The dwell-time distributions we obtained for the actin machinery related proteins 

share the similar shape. Although the Wilcoxon rank sum test showed that the data sets 

were significantly different, it was hard to tell the difference between them. Future study 

can take advantage machine learning algorithms. The quantities we measured dwell-time, 
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displacement per frame, moving distance per frame, velocity in x and y respectively, 

speed in x and y respectively, fluorescent intensity of each spot in time series, and mean 

squared displacement. We could use these quantities as features and feed a tree-based 

model to figure out the feature importance of them. If more data were to be collected in 

the future, we would also be able to build an artificial neural network model using 

existing features to predict protein type.  In this way, it would be possible for us to know 

what the significant different features between different endocytic proteins are, which 

could help us to obtain more intuition of their mechanisms.  
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Figure S4. MSD of single molecule myo1p and fim1p 

The mean squared displacement (MSD) for fim1p and myo1p are shown as blue and 

orange. The motion of myo1p is hindered and in a limited region while Fim1p is 

diffusive. 
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Appendix 1 Methods and Experimental Design 

A 1.1 Strain Construction 

For SNAP tagging, we fused a SNAP-tag to endocytic protein of interest by 

homologous recombination and selection with Kanamycin85 or by CRISPR-Cas9 and 

selection with fluoride16 (Table 1). For end4 deletion in wild type strains, we used 

homologous recombination and selection with Kanamycin. For end4 deletion in fim1-

mEGFP strain, we introduced an early stop codon in the early amino acids of the coding 

sequence of end4 to stop its expression. For introducing 2A self-cleavage peptide into 

fim1p genome, we use CRISPR-Cas9 and selection with fluoride.  

A 1.2 Labeling for Imaging 

We grew our SNAP-tag and mEGFP strains in liquid YE5S medium at 32℃ for 

16 hours. For mEGFP strains, we then diluted them into OD 0.1 with EMM5S medium 

and let them grow for another 16 hours at 25℃. For SNAP-tag strains, after growing in 

YE5S medium at 32℃ for 16 hours, we diluted them into OD 0.1 with EMM5S medium 

and let them grow for 8 hours at 25℃ until the OD reaches 0.4-0.6. We then diluted them 

to OD 0.1 with EMM5S with a final concentration 1μM of silicon-rhodamine 

benzylguanine derivative SNAP-SiR64786. The culture tube used for labeling were 

wrapped in aluminum foil to avoid the photobleaching of the fluorophore by room light. 

After overnight labeling (16 hours) at 25℃, the cells were washed 5 times (1500xg, 

3min) and incubated at 25℃ for another hour.  We then washed the cells for another 5 

times (1500xg, 3min) and resuspended them in 50-100μL filtered EMM5S for imaging.  
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For Halo-tag strains labeled with JF646 dye, we followed the same labeling 

strategy as discussed above but only incubate the labeling tube for 10 hours. We have 

found that 16 hours labeling with 1μM of JF646 ended up with over labeling. The 

concentration of dye could be further tuned to accommodate with longer labeling time.  

A 1.3 Single-Color TIRF Imaging 

We washed  #1.5 coverslips in an ethanol bath for 30mins. We then blew them 

dry and plasma cleaned them for 3mins. We pipetted 6μL cells onto 25% gelatin pad and 

covered them with cleaned cover slip. The sample was then sealed with Valap.  

We used an Eclipse Ti inverted TIRF microscope with a 60x/1.49 objective, 1.5x 

magnifying lens and iXon Du897 EMCCD camera.  We used 2.5% and 5% 642nm laser 

(1.2 and 2.1W/cm2 measured at exiting objective) to image our SNAP-tag strains (with 

SiR647 dye bind with SNAP-tag) and 488nm laser (0.2W/cm2 measured at exiting 

objective) to image our mEGFP strains.  

For SNAP-tag strain imaging, the focal plane was set to be 1.5μm below the cell 

midplane. In this way, the focal plane was close to cell edge so that more endocytic 

events were collected, and background fluorescence were reduced. The TIRF angle was 

set to 1170, where near-TIRF illumination (HILO) was achieved. The exposure time was 

set as 100ms. For each movie we recorded, we first start collecting movies for a few 

seconds (1-3s) with the laser off. We then turned on the laser and collected movie for 30s. 

For mEGFP strain imaging, the exposure time was set to 100ms. For each movie 

we recorded, we first started collecting movies for a few seconds (1-3s) with the laser off. 

We then turned on the laser and collected movie for 60s. Longer movie length was 
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necessary in imaging proteins tagged with a fluorescnt protein compared to single 

molecule imaging because the patch lifetime of endocytic protein is 20-25 seconds.  

A 1.4 Two-Color TIRF Imaging 

We washed  #1.5 coverslips in an ethanol bath for 30mins. We then blew them 

dry and plasma cleaned them for 3mins. We pipetted 6μL cells onto 25% gelatin pad and 

covered them with cleaned cover slip. The sample was then sealed with Valap. 

We used a Nikon Ti2 TIRF/STORM system with a quad-band filter (TRF89901) 

suitable for Gemini W-view system. We first manually installed the quad-band filter. We 

used fluorescent beads to align 488nm laser (0.2W/cm2 measured at exiting objective) 

and 640nm laser (3.5W/cm2 measured at exiting objective). Since there was a software 

synchronization issue, we were not able to tune the 640nm laser. The 640nm laser power 

needed to be tuned further down to achieve better imaging quality.   

The focal plane was set to be 1.5μm below the cell midplane. The TIRF angle was 

set to be 67.4, where perfect TIRF illumination was achieved. The exposure time was set 

as 100ms. For each movie we recorded, we first turned the 488nm laser on to look for the 

endocytic patches. We then turned the 640nm laser on for a few seconds and started 

collecting movie for 60s. 

A 1.5 Image analysis 

We used Python Microscopy Environment (PYME) for single molecule spot 

localization. We converted our nd2 imaging file into TIFF file by Fiji ImageJ. A meta file 

containing camera properties is generated as follows: 
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md[‘voxelsize.units’] = ‘um’ 

md[‘voxelsize.x’] = 0.178 

md[‘voxelsize.y’] = 0.178 

md[‘voxelsize.z’] = 300 

md[‘Camera.TrueEMGain’] = 167  

md[‘Camera.NoiseFactor’] = 1.41  

md[‘Camera.ElectronsPerCount’] = 49  

md[‘Camera.ReadNoise’] = 88.8  

md[‘Camera.ADOffest’] = 105 

md[‘EstimatedLaserOnFrameNo’] = 5 

We then ran DH5view to open converted TIFF imaging file. The parameters of 

spot localization are as follows:  

‘Threshold’ : 1.2, which is the ratio between spot and local intensity for spot 

detection.  

‘Debounce rad’ : 3, which is the number of pixel where two spots cannot be 

separated. 

‘Type of fit’: LatGaussFitFR, which is to fit the spot with a 2D Gaussian 

distribution 

‘Start at’: the frame after the laser turned on 
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‘Subtract Background’: uncheck 

After the spot localization, we used VisGUI to filter the spots. In VisGUI, we 

typed the commands in Python console for spot filtration. The parameters for spot 

filtration are as follows: 

A: 20-200, which is the spot brightness) 

Sig: 75-250, which is the standard deviation of the 2D Gaussian) 

error_x and error_y: both are 0-150, which are the precisions of fitting in x and y 

direction 

max_gap: 6, which means we allow the two consecutive spots from one trajectory 

having a maximum gap of 4 frames (6 includes the starting and ending frames where we 

can detect the spots)  

clumpsize: 3, which means the minimum number of spots in one trajectory is 3. 

We then used Matlab (MathWorks, Inc) to further analyze the data obtained from 

PYME analysis. We grouped the spots by their ClumpIndex where different ClumpIndex 

identified different trajectories. For each trajectory, we calculated the dwell-time (time 

difference between the frame where the spot was first detected and the frame where the 

spot was last detected, a maximum gap of 4 frames was allowed), displacement per 

frame, moving distance per frame, velocity in x and y respectively, speed in x and y 

respectively, fluorescent intensity of each spot in time series, and mean squared 

displacement.  
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Since actin-machinery related proteins had similar looking dwell-time 

distributions, we applied statistical tests to confirm the differences between their dwell-

time distributions. We randomly split the dwell-time data set into 5 subsets and applied 

Wilcoxon rank sum test between each of them to make sure there was not significant 

difference detected between each subset. We also applied Wilcoxon rank sum test 

between different endocytic proteins dwell-time datasets to assure the existing of the 

significant difference. Usually, the dwell-time data obtained from low quality images 

would end up with no significant difference between each other.   
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Table 1. Yeast Strains used in this study 

Strain Genotype Source 

JB135 fim1-SNAP-kanMX6   ade6-M216 his3-D1 

leu1-32 ura4-D18 

(Lacy 2019)17 

JB216 41nmt1-SNAP-actin-leu+ ade6-M216 his3-D1 

ura4-D19 

(Lacy 2019)17 

JB304 SNAP-myo1 fex1Δ fex2Δ    ade6-M216 his3-

D1 leu1-32 ura4-D18 

(Lacy 2019)17 

JB305 acp1-SNAP fex1Δ fex2Δ    ade6-M216 his3-

D1 leu1-32 ura4-D18 

(Lacy 2019)17 

JB517 SNAP-fim1 end4Δ-kanMX6   ade6-M210 his3-

D1 leu1-32 ura4-D18 

This study 

JB646 fim1-EF-ERBV-1-20AA-ABD1-ABD2-SNAP 

fex1Δ fex2Δ    ade6-M216 his3-D1 leu1-32 

ura4-D18 

This study 

JB647 fim1-EF-ABD1-ERBV1-20AA-ABD2-SNAP 

fex1Δ fex2Δ    ade6-M216 his3-D1 leu1-32 

ura4-D18 

This study 
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