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Abstract 
 Cytokinesis is the physical process of cell division, which divides the cytoplasm of a parental 

cell into two daughter cells. Cytokinesis has been extensively studied in recent years but it still holds 

many unresolved questions such as the understanding of mechanical forces underlying cell cleavage. 

The major structural and mechanical functions involved in cytokinesis are granted by an intracellular 

contractile skeleton, also called actomyosin ring.The actomyosin cytoskeleton it is an essential and 

highly conserved complex for the division of many biological model systems including mammalian 

cells and yeast cells. This thesis aims to explore the use quantitative imaging tools as new means to 

assess the function of different proteins and pharmacological agents on actomyosin contraction during 

S. cerevisiae cytokinesis. Drugs with previously documented effects over the actomyosin cytoskeleton, 

such as yessotoxin (YTX), pectenotoxin-2 (PTX-2) and 4-hydroxyacteophenone (4-HAP) were tested. 

While the effect of the genetic deletion of the actin filament nucleator Bni1 was analysed and 

compared with a wild-type control. YTX and PTX-2 did not reveal any effect over cytokinesis, at the 

concentrations of 1 nM and 10 nM, respectively, while 4-HAP at 1 μM induced a total impairment of 

cytokinesis in 20% of the population. The Δbni1 showed that although the density loss rate remained 

similar o the wild type, the contraction rate of Δbni1 was about 51-55% slower than the Wt. Due to 

these results, the role of Bni1 in theactomyosin ring contraction mechanism will be reviewed,providing 

an essential parameter in future mathematical models. 

 

 

Keywords: Cytokinesis; Actomyosin ring; Contraction mechanism; Quantitative image processing. 
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Resumo 
 Citocinese é o processo físico da divisão celular que divideo citoplasma de uma célula-mãe 

por duas células-filhas. É um processo que tem sido estudado extensivamente nos últimos anos, 

tendo contudo, várias questões por resolver quanto à mecânica celular que envolve a abcissão 

celular. A maior contribuição para a estrutura e para as funções mecânicas da célula durante a 

citocinese é dada por uma estrutura contrátil do citoesqueleto, denominada anel de actomiosina. O 

citoesqueleto de actomiosina é uma estrutura altamente conservada na divisão celular de diversos 

modelos biológicos incluindo células de mamífero e de levedura. O objetivo desta tese é usar 

ferramentas de processamento de imagem para revelar a função de proteínas e agentes 

farmacológicos na citocinese de S. cerevisiae.Os agentes usados tinham documentados efeitos 

destes sobre o citoesqueleto de actomiosina, sendo eles yessotoxina (YTX), pectenotoxina-2 (PTX-2) 

e 4-hidroxiacetofenona (4-HAP). O efeito de deleção genética, executado num agente nucleador de 

actina denominado Bni1, foi medido e comparado com a estirpe selvagem. YTX e PTX-2 não 

revelaram qualquer efeito sobre a citocinese às concentrações 1 nM e 10 nM, respetivamente, 

enquanto 4-HAP a 1 μM induziu um total bloqueio da citocinese em 20% da população. A estirpe 

Δbni1 demonstrou uma redução na taxa contração entre 51-53% relativamente à estirpe selvagem, 

mantendo a taxa de perda de densidade proteica. Com estes resultados, o mecanismo de ação de 

Bni1 na contração do anel de actomiosina terá de ser revisto, inserindo um novo parâmetro para 

futuros modelos. 

 

 

Keywords: Citocinese; Anel de actomiosina; Mecanismo de contração; Processamento de imagem 

quantitativo. 
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1. Introduction 

1.1 Cell division dynamics 

1.1.1 Cytokinesis 

 Cytokinesis is the biophysical process of cell division, which divides the cytoplasm of a 

parental cell into two daughter cells. Cytokinesis has been extensively studied in recent years but it 

still holds many unresolved questions such as the understanding of mechanical forces underlying cell 

cleavage and the timing of assembly of the required structures specifically at later stages of the cell 

cycle1. The major structural and mechanical functions involved in cytokinesis are granted by an 

intracellular contractile skeleton, also called actomyosin ring2. The ring forms around the equator of 

the cell just beneath the plasma membrane and it contracts pinching the plasma membrane inward. 

The actomyosin ring components (such as the actin and myosin-II motor filaments) are very 

conserved among different biological model systems including mammalian cells, yeasts3, plants4 and 

nematodes5. 

1.1.2 Actomyosin ring assembly 

Actin recruitment 

 Filamentous actin or F-actin is a nano-to-micrometer sized molecular string of 7 nm in 

diameter, composed by two helixes of polymerized proteins called G-actin, a small globular protein of 

approximately 42 kDa6. G-actin residues assemble in filaments at a 167° relatively to each other. Actin 

filaments were discovered in 1942, by Straub7 and its isolation was only achieved in 1966, by Hatano 

and Oosawa8. Even though it does not have any enzymatic activity, due to enduring stresses up to 

600 pN in linear stretching and 320 pN with a torsion of 90°, it becomes the perfect string or cable in 

cellular mechanics9. In vitro assays achieved values of 0.2-1.2 pN.nm-1 of tension needed for actin 

buckle10 which, with a linear extrapolation would turn actin into a very stiff polymer, especially if one 

takes into account that it can reach micron-size length. These values can be explained by non-linear 

behavior of polymer dynamics, even more if one considers solvent interactions. However, for local 

bends, it is a good description and is a useful value for local interactions modeling. F-actin is a polar 

string-shape molecule with one end where polymerization occurs 10 times faster than the other. The 

fast polymerization end is called barbed end as the other is called pointed end. Actually, the formation 

and destruction of these structures are very frequent, which makes these incredibly dynamic 

molecules, having an average turnover time of 27 s and 15 s in pig11 and mouse12 kidney cells, 

respectively, measured by fluorescence recovery after photobleaching. Not only F-actin assembly is 

dynamic but protein-protein interactions between actin and actin-binding proteins is highly unstable 

and this drives whole cell contractility in some biological models13.  There are several protein-families 

with actin-binding activity, like myosins, septins or formins. Formins are GTPase proteins that were 

identified as the major responsible for actin filaments nucleation and polymerization by Higashida et 
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al., 200414. Formins are present at the bud-neck to assemble actin filaments for the actomyosin ring, 

recruited by G-protein Rho1, which interacts directly with formin and anchors it to the membrane15. In 

budding yeast, the only two formins existent are Bni1 and Bnr1. Even though Bnr1 is one order of 

magnitude more powerful as a filamentous actin nucleation agent than Bni1, this last one is the formin 

linked actin polarization towards bud formation and growth16. Formins are dimer proteins with each 

monomer containing two main domains, FH1 and FH2.FH1 is the actin nucleation domain that binds to 

the actin associating protein profilin creating a concentration gradient around the barbed end. Fission 

yeast polymerization via formins is dependent on profilin, but in budding yeast it has shown to 

increase the regular rate of barbed end polymerization by 33%, but does not halt polymerization when 

absent17. Profilin often necessary reaction intermediate function and its isolation were achieved almost 

30 years before formin’s18.  

Even though there are many kinds of actin-binding proteins, there is only one known actin 

depolymerization agent in yeast icalled cofilin and can severe actin filaments and turn G-actin residues 

back to soluble monomers19. Cofilin is a protein that attaches to actin, forming a complex very less 

flexible than regular free actin, or decorated with other proteins, having no chemical depolymerization 

activity20. The formation of monomers shall result from the energy of breaking filaments. However, this 

event is not only about actin destruction but also, actin’s nucleation. By severing actin filaments, cofilin 

contributes to the creation of a network of actin filaments instead of some large filaments21.  

 In steady-state most filamentous actin is at cellular cortex.  Actin cortical skeleton function is to 

coordinate spatiotemporally cell shape, attachments to its surroundings and vesicle transporting22,23, 

often interplaying in feedback loops24,25. Actin filaments polymerization towards the bud neck is a 

crucial step of cytokinesis. It provides the transport of proteins via exocytosis, recycling of proteins via 

endocytosis and regulation of membrane shape26.During cytokinesis at the contractile ring, actin 

filaments were found to have random orientation within the ring direction in Schizosaccharomyces 
pombe29, with a very small number of filaments oriented radially (Figure 1). 
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Figure 1. Reconstructed electron microscopy image of a contractile ring in Schizosaccharomyces 
pombe(adapted from Kamasaki, T., et al. (2007)27).Actin filaments orientation in the ring is represented in red 
(clockwise orientation), in blue (anti-clockwise) and in yellow (radial orientation). 

 

Myosin-II recruitment 

 Myosin is a motor-protein superfamily responsible for many contractile events inside the cell. 

The most widely known protein of this family is myosin type II, mostly present in the cell cortex and 

commonly known for being the force generator protein in striated muscle cell motion. It was found 

firstly in 185928, but its activity was only discovered in 193929. Budding yeast has only one isoform of 

myosin type II and it is called Myo1. Myosin-II is a dymeric protein with a tail, neck and a head. This 

last one that has an ATPase activity which initiates an internal mechanism of force generation (Figure 

2). This mechanism requires the presence of actin and of a di-positive ion calcium. The ATP 

dependent force generation can be described by a mechanism called power stroke that is very well 

defined (Figure 3). 

 

 

Figure 2.Myosin-II structure and features (adapted from Lodish et al. (2000)30).(A) Myosin-II is a dymeric 
protein organized in 3 major domains(head, neck and tail). The head region has an ATPase activity, the neck 
region influences myosin’s activity and the tailscomprises the dimerization motifs. 
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Figure 3.Myosin-II Power Stroke Mechanism. (adapted from Vale, R.D et al. (2000)31).This myosin-II based 
mechanism shows the force inducedby ATP hydrolysis and actin filament sliding. 

 

 Myosin-II assembles during cytokinesis in filaments, where several myosin-II dymers build a 

structure with several force generating heads. Recruitment and assembly of actin and myosin-II 

filaments is ultimately regulated by septins. Septins are transmembrane proteins that throughout 

cytokinesis restrainthe location of a variety of proteins at the cleavage furrow including actin 

nucleators and myosin-II to the cell division site. 

1.1.3 Actomyosin ring contraction 

Resembling the organization of actin and myosin-II filaments in the striated muscle, actomyosin 

structures in cell division were thought to operate similarly to sarcomere units, relying on the activity of 

myosin-II motor as the main force-generating element in a highly organized antiparallel actin filament 

array(Figure 4).While similarities can certainly be recognized between cytokinetic rings and muscle 

sarcomeres, several key diferences have been identified:1) in contrast to the conservation of mass 

observed in cycles of contraction and relaxation of the striated muscle, a loss of mass is observed 

during actomyosin ring ingression in cytokinesis; 2) electron microscopy analysis of 

Schizosaccharomyces pombe contractile rings shows that actin filaments are randomly oriented along 

the ring rather thanforming highly organized sarcomere-like arrays; 3) experimental evidences in 
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Saccharomyces cerevisiae, Dictyostelium discoideum, and vertebrates on the ability of cells to divide 

in the absence of or with impaired myosin-II motors suggest the existence of alternative force-

generating mechanisms2 

(A) 
 

 

(B)

 

Figure 4.Actin filaments and Myosin-II organization in sarcomeres. (adapted from Murrell, M., et al. 
(2015)32.)(A) Structural organization of Myosin-II filaments (B) Sarcomeric organization of actin filaments (in red) 
and Myosin-II filaments (in green). 

 

 In Mendes Pinto et al., (2012) it was also found that actin depolymerization not only occurs 

and promotes contraction of the actomyosin ring as it drives contraction and is stimulated by myosin-II 

power stroke mechanism in S. cereviseae33.Impairment of actin depolymerization, via pharmacological 

approaches, leads to a decrease in 26% in ring contraction rate and myosin-II motor activity deletion 

leads to a decrease in 42% in actin depolymerization rate.  

1.1.4  Actomyosin ringcontraction based on actin depolymerization force 
generation 

 When researching novel and intricate mechanismsit is becominga common practice 

tocombine computational modelling with experimental data. The computational models are required 

because the complexity of theintracellular environments make them almost impossible to understand 

intuitively and mathematical simulations help explain the parameters found. In 2007, Zumdieck et 

aldescribed cytokinesis in Caenorhabditis elegans with a mathematical model consisting of two 

components, a balance of actomyosin contractile forces and materials. Actin and myosin-II-based 

materials within the volume of control (𝐷) are balanced by assessing the total integration of loss of 

materials from the division plane as well as the formation of the actomyosin ring structure.Actin 

filament assembly and disassembly are considered the determining processes for actomyosinring 

dynamics (Equation 1.1): 
𝚫𝐀𝐜𝐭𝐢𝐧𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬

𝚫𝐭 = 𝐏𝐨𝐥𝐲𝐦𝐞𝐫𝐢𝐳𝐚𝐭𝐢𝐨𝐧 − 𝐃𝐞𝐩𝐨𝐥𝐲𝐦𝐞𝐫𝐢𝐳𝐚𝐭𝐢𝐨𝐧 1.1 

 The chemical reaction of actin filament depolymerization is considered to be a first order 

equation dependent on actin filaments concentration and the volume of control multiplied by a 

constant kd, while actin filament polymerization can be represented as a first order equation dependent 

ea 
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on the volume of control, the concentration of monomeric actin multiplied by a constant kp(Equation 

1.2).  

𝚫𝐀𝐜𝐭𝐢𝐧𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬

𝚫𝐭 = 𝐤𝐩 ∙ 𝐜𝐦𝐨𝐧𝐨𝐦𝐞𝐫𝐬 ∙ 𝐕𝐂𝐨𝐧𝐭𝐫𝐨𝐥 − 𝐤𝐝 ∙ 𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 ∙ 𝐕𝐂𝐨𝐧𝐭𝐫𝐨𝐥 1.2 

 

 From a thermodynamic point-of-view, there is a chemical equilibrium between theactin 

filaments with n monomers and the ones with n+1 monomers. This equilibrium allows the replacement 

of the monomeric actin concentration, which is not accessible by classical imaging technologies. 

Considering that the concentration of actin filaments with and without the adding monomer are the 

same, the model equation can be only dependent on actin concentration and on the volume of control 

(Equations 1.3, 1.4 and 1.5). 

𝐀𝐜𝐭𝐢𝐧𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 𝐧 +  𝐀𝐜𝐭𝐢𝐧𝐦𝐨𝐧𝐨𝐦𝐞𝐫𝐬 → 𝐀𝐜𝐭𝐢𝐧𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 𝐧+𝟏 1.3 

 

𝐊 =
𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 𝐧+𝟏

𝐜𝐦𝐨𝐧𝐨𝐦𝐞𝐫𝐬 ∙ 𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 𝐧
 ≈

𝐜𝐨𝐧𝐬𝐭𝐚𝐧𝐭
𝐜𝐦𝐨𝐧𝐨𝐦𝐞𝐫𝐬

,      𝐜𝐨𝐧𝐬𝐭𝐚𝐧𝐭 ∙  𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 𝐧+𝟏 = 𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 𝐧 1.4 

𝚫𝐀𝐜𝐭𝐢𝐧𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬

𝚫𝐭 =
𝐤𝐩

𝐊′
∙ 𝐕𝐂𝐨𝐧𝐭𝐫𝐨𝐥 − 𝐤𝐝 ∙ 𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬 ∙ 𝐕𝐂𝐨𝐧𝐭𝐫𝐨𝐥 ,       𝐊′ =

𝐊
𝐜𝐨𝐧𝐬𝐭𝐚𝐧𝐭 

1.5 

   

  The definition of the volume of control depends on the thickness of the actomyosin ring times 

its perimeter. However, in Zumdieck et al. 2007 the thickness was considered negligible as it was 

reported to be smaller than the diameter of the ring (Equation 1.6). 

𝐝 (𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬 ∙ 𝐕𝐂𝐨𝐧𝐭𝐫𝐨𝐥)
𝐝𝐭 = 𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬 ∙

𝐝  𝐕𝐂𝐨𝐧𝐭𝐫𝐨𝐥 
𝐝𝐭 + 𝐕𝐂𝐨𝐧𝐭𝐫𝐨𝐥

𝐝  𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬 
𝐝𝐭  1.6 

 

 Thematerial balance equation proposed by Zumdieck et al., 2007 was the following: 

𝐝  𝐥𝐧𝐃 
𝐝𝐭 +

𝐝  𝐥𝐧 𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬 
𝐝𝐭 =

𝐊𝐩

𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬
− 𝐤𝐝,     𝐊𝐩 =

𝐤𝐩

𝐊′  
1.7 

 In 2012, Mendes Pinto et al. used this model in order to get a mathematical interface between 

experimental data and computer generated results. From experimental data analysis, actin 

polymerization effect was considered to be negligible and the equation 1.8 was then represented as a 

function of both actin filament density and actomyosin ring diameter. With these assumptions, Mendes 

Pinto et al. was able to represent the rate of actin filament depolymerization as a sum of the resultant 

constants from protein density loss and ring diameter reduction, which were called β and α 

respectively (Equations 1.9 and 1.10). 
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𝐝  𝐥𝐧𝐃 
𝐝𝐭 =  −𝛂 ⟹ 𝐃 𝐭 =  𝐃(𝐭 = 𝟎) ∙ 𝐞𝐱𝐩(−𝛂 ∙ 𝐭) ≈ 𝐃(𝐭 = 𝟎) ∙ (𝟏 −  𝛂 ∙ 𝐭) 1.8 

𝐝  𝐥𝐧 𝐜 
𝐝𝐭 =  −𝛃 ⟹ 𝐜 𝐭 =  𝐜 𝐭 = 𝟎 ∙ 𝐞𝐱𝐩 −𝛃 ∙ 𝐭 ≈ 𝐜 𝐭 = 𝟎 ∙  𝟏 −  𝛃 ∙ 𝐭 ,    𝐜𝐟𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐨𝐮𝐬 = 𝐜 1.9 

𝛂 + 𝛃 = 𝐤𝐝 1.10 

Model assumptions and approximations 

 The biophysical model used in this thesis takes into account the kinetics of actin 

depolymerization and polymerization processes. However, no considerations were made about the 

identity, concentration and dynamics of the molecular network, involved in the regulation of the actin 

polymerization or depolymerization processes. Therefore, it remains elusive how these two 

processesoperate and cooperatein space and time during actomyosin ring contraction. 

 Specifically for actomyosin ring contraction in budding yeast cells, the model assumes that the 

contribution of actin filament polymerization is negligible as no build-up of actin filament intensity is 

observed during cytokinesis. As the model is able to predictthe contraction rate of the actomyosin ring 

in budding yeast cells,the impact of this approximation wasconsidered to be null. In other biological 

systems, in which polymerization can play an important role during cytokinesis, the model should be 

revised.  

1.1.5 Interplay between actomyosin ring contraction and plasma 
membrane ingression 

 The link between actomyosin ring contraction and membrane ingression at the cell division 

site is essential to assure an effective force generation process during cytokinesis (Figure 5). Proctor 

et al., 201234 showed an increased importance of membrane transport dependent inward force once 

the contraction been initiated, in Schizosaccharomyces pombe. Once contraction has been initiated, 

the actomyosin ring turns to be unnecessary to conclude cytokinesis. However, its absence decreased 

significantly the contraction rate. This results show an increased role of de novo membrane formation 

at the cleavage furrow34. Saccharomyces cereviseae is also shown to have contractile ring force 

generation independent contraction. This effect can be amplified by overexpression of ring-membrane 

linking proteins, some even with links to the endocytic pathway35,36. Stopping endocytic processes has 

shown to prevent abscission in human cancer cells37 and in zebrafish blastomeres38. In adherent cells, 

like animal and slime, substrate adherence has shown to be sufficient for actomyosin ring force 

generation independent cytokinesis, either in furrowing or in cell division completion39,40.  
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Figure 5. Plasma membrane and actomyosin ring dynamics (adapted from Sanchez-Diaz et al., 200841). In 
red, Myo1 and in green Ras2. 

 

 1.1.6 Biological models used to study actomyosin ring dynamics in 
cytokinesis 

 Actomyosin structure ishighly conservedfrom unicellular to multicellular biological systems. 

Therefore this is an essential structure for cytokinesis not only in mammalian cells but as well in yeast 

cells such as budding yeast S. cerevisiae. In order to study a complex matter, problem’s simplification 

is always the first step42. In order to study eukaryotic cytokinesis, vertebrate animal cells’ cytokinesis 

analysis would not be a good model to start with since there are many issues related to it, even though 

it would be the knowledge with higher impact. The four more usual models used are higher plants, 

Saccharomyoces cereviseae also called budding yeast, fission yeast and animal cells, where the 

major interest and complexity rely. To be able to study cytokinesis, the differences between different 

biologicalsystems either in general terms either in mechanistic ones, are critical. One big disadvantage 

in using animal cells, namely human ones, is the existence of mechanisms of redundancy. For 

example, human cells have high rates of the use of alternative splicing43, use RNA interference44 and 

some enzymes have several isoforms, like myosin-II45. These reasons turn these cells into very 

complex systems to study and so, one should try to study similar phenomena in simpler models first. 

There are several advantages in using these biological tractable genetic model systems, such as S. 
cerevisaelike having the whole-genome sequenced and publicly available, which can be accessed in 
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Figure 5. Plasma membrane and actomyosin ring dynamics (adapted from Sanchez-Diaz et al., 200848). In 
red, Myo1 and in green Ras2. 

1.1.3 Biological models to study actomyosin ring dynamics in 
cytokinesis 

 Actomyosin structure is highly conserved from unicellular to multicellular biological systems. 

Therefore this is an essential structure for cytokinesis not only in mammalian cells but as well in yeast 

cells such as budding yeast S. cerevisiae. In order to study a complex matter, problem’s simplification 

is always the first step49. In order to study eukaryotic cytokinesis, vertebrate animal cells’ cytokinesis 

analysis would not be a good model to start with since there are many issues related to it, even though 

it would be the knowledge with higher impact. The four more usual models used are higher plants, 

Saccharomyoces cereviseae also called budding yeast, S. pombe or fission yeast and animal cells, 

where the major interest and complexity rely. To be able to study a phenomenon like cytokinesis, the 

differences between different model either in general terms either in mechanistic ones, are critical. 

One big disadvantage in using animal cells, namely human ones, is the existence of mechanisms of 

redundancy. For example, human cells have high rates of the use of alternative splicing50, use RNA 

interference51 and some enzymes have several isoforms, like myosin-II52. These reasons turn these 

cells into very complex systems to study and so, one should try to study similar phenomena in simpler 

models first. There are several advantages in using these biological tractable genetic model systems, 

such as S. cerevisae like having the whole-genome sequenced and publicly available, which can be 

accessed in www.yeastgenome.org platform for budding yeast or the existence of the possibility of 

using fusion proteins by homologous recombination with a satisfactory rate of success which is not so 

easily achieved in mammalian cells53. Therefore, this adds value to the generation of mutants 

important for the understanding of the mechanisms of cytokinesis and actomyosin ring assembly and 

contraction. The comparison between different biological models for the study of cytokinesis is shown 

in Table 1.      
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www.yeastgenome.org platform for budding yeast or the existence of the possibility of using fusion 

proteins by homologous recombination with a satisfactory rate of success which is not so easily 

achieved in mammalian cells46. Therefore, this adds value to the generation of mutants important for 

the understanding of the mechanisms of cytokinesis and actomyosin ring assembly and contraction. 

The comparison between different biological models for the study of cytokinesis is shown inTable 1.      

Table 1.Biological models used to study cytokinesis (adapted from Pollard, (2014)47). 

 

 

1.2 Project Goals and Motivation 

 Recent studies have shown that hyperactivation of actomyosin contraction leads to severe 

changes in cell and tissue morphology, resulting in abnormal proliferation and malignant 

transformation48–50. This process is accompanied by a high degree of cell invasiveness in a process 

commonly known as metastasis48–50. Despite the relevance of actomyosin regulation in tumor 

development, the mechanism of actomyosin contraction remains poorly understood. 

 In this work, the major goal is to provide a better understanding of theactomyosin-based force 

generating mechanisms in pharmacologically and genetically manipulated S. cerevisiae cells and 

using quantitative single-cell imaging tools. 

 

http://www.yeastgenome.org/


 | P a g e  
 

10 

2 Methods 

2.1.1 Engineering fluorescently tagged proteins 

To study proteins in situ by fluorescence microscopy, one can use labels of weak interaction, 

like affinity-based techniques51, or covalent binding labels. Covalent binding can use small synthetic 

molecules or genetic targeting. Small molecules involve substantial organic chemistry and enzymatic 

engineering procedures52. In the majority of the studies performed, for live cell visualization, with 

minimal disturbance of the natural inner cell environment, genetic targeting of proteins is most widely 

used technique53. 

The protocol for fusion protein engineering was the one previously published  in Huh et al. 200366, in 

which a sequence coding for a fluorescent marker (e.g. GFP) is fused at the C terminus of a gene of 

interest  by homologous recombination (Figure 6)54. Homologous recombination occurs when there are 

two homologous regions between the engineered DNA and a selective region of the cell genome that 

is going to be targeted. Homologous recombination technique requires the selection (via auxotrophic 

markers or antibiotic resistance) of successfully transformed clones.  

 

 

Figure 6. Fusion of the GFP-related sequence to a specific genetic locus in the cell by homologous 
recombination (adapted from Huh, W.K. et al. (2003)54).  

 

Within the framework of this masters project, it was used the GFP fluorophore genetically fused to the 

C terminus MYO1 sequence. Myo1 is the only isoform of myosin-II reported in budding yeast cells.  

The iqgCH-GFP plasmid was used to monitor actin filaments intensity and dynamics in the actomyosin 

ring. The use of the iqgCH-GFP plasmid was based on the fact that G-actin fluorescently labeled 

severely compromises actomyosin ring assembly (see Mendes Pinto et al. 2012). Additionally, it was 

used a plasmid coding for Spc42-mCherry (see Mendes Pinto et al. 2012), a spindle pole body marker 

that allows cell cycle stage monitorization in real-time.  

Mutations at the genomic locus were verified by PCR and DNA sequencing. iqg1CH-GFP 

construction relies on introducing a GFP tag at the C terminus of an actin binding domain (Calponin 

homology domain) in a centromeric plasmid as described in Mendes Pinto et al. 2012 (Table 2). 
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TheCH domain binds to filamentous actin. 

Table 2. Plasmids list 

Plasmid Auxotrophic marker 

SPC42-mCherry::HisLeu CEN Histidine and Leucine 

pRS316-ACT1pr-iqg1CH-GFP::UraLeu CEN Uracile and Leucine 

  

The first stepfor the development of a Myo1-GFP labeled strain was theamplificationof the GFP cDNA 

using primers containing sites with homology to the GFP plasmid as well to the COOH terminal (and 

downstream region) of the MYO1 gene. The GFP plasmid includes a sequence that encodes for a 

structural linker, GFP and an auxotrophic selective marker (HIS3). The linker was used to create an 

extension of amino acids between myosin-II and GFP in order to minimize any unwanted inhibition of 

myosin-II functionality. While, the HIS3 auxotrophic marker allows a successful recombinant strain to 

selectively grow in histidine deprived media. These primerswere between 40-60bp and used to amplify 

the segment linker-GFP-HIS3 cDNA from a plasmidvia a polymerase chain reaction (PCR). The 

primer size was optimized to allow a higher probability of successful homologous recombination and 

transformation (Ошибка! Источник ссылки не найден.).After amplification by PCR the linker-GFP-

HIS3 cDNA segment was transformed into the WTSaccharomyces cerevisiae cellsusing lithium 

acetate, carrier DNA and polyethylene glycol (PEG). Successful transformation and homologous 

recombination were analyzed by fluorescence microscopy and PCR. 

 In order to quantitatively assess the function of Bni1 protein in actomyosin ring assembly and 

dynamics, the gene coding for Bni1 formin was deleted using homologous recombination in Myo1-

GFP and iqg1CH-GFP strainsand its effect was measured(Table 3). 

Table 3. List of fluorescently labeled strains 

 

  

 

 

 

 

 

 

 

2.2 Cell Culture 

 After the genetic engineering procedures were performed, cells viability and genome stability 

were assessed. All mutant strains were confirmed to be euploid by the fluorescent activated cell 

Mutation Florescent Tag SPB Tag 

WT Myo1-GFP Spc42-
mCherry 

∆bni1 Myo1-GFP Spc42-
mCherry 

WT iqgCH-GFP Spc42-
mCherry 

∆bni1 iqgCH-GFP Spc42-
mCherry 
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sorting (FACS) and quantified polymerization chain reaction (qPCR) genotyping assay.These assays 

were previously performed by Mendes Pinto et al. (unpublished data). 

 Yeast cells preservation is made in glycerol stocks at -80°C. Cells will then recover their 

proliferative index once inoculated in selective solid culture media at room temperature and later 

growth exponentially in selective liquid media. Two selective media were used in this thesis: SC-Leu 

and SC-Leu-Ura, both supplemented with 2% of glucose. 

  

2.3 Pharmacological and genetic manipulation of actomyosin 
dynamics 

Modulation of Actin dynamics via pharmacological treatment 

 Pectenotoxin-2 (PTX-2) is a drug separated from marine spongeDynophysis spp. (Figure 7) It 

is a drug that can decrease the concentration of actin filaments while having a accumulation of G-actin 

actin (Figure 8)55. It was also proven to be an effective apoptosis inducer drug56. 

 The other actin dynamics targeting toxin to be tested is yessotoxin (YTX), a toxin provenient 

from a shellfish called Protoceratium reticulatum, Lingulodinium polyedrum and Gonyaulux 
spiniferawhich causes damages to the cardiac tissue, is shown to decrease the phagocytic capacity of 

human macrophages57, to change the location of the nucleus inside of insect Lymania dispar larva fat 

body derived cell lines as well as in mouse fibroblasts and to depolarize the same cell lines shape 58. 

 

(A) 

 

(B) 

 

Figure 7.(A) Pectenotoxin-2 and (B) yessotoxin chemical structures. 
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Figure 8.Pectenotoxin effect on filamentous actin (top) and on globular actin concentration (bottom) in 
human primary hepatocytes(adapted from Espiña et al., (2008)55). 

 

Modulation of Actin dynamicsvia genetic approaches 

 Bni1 is one of two formins present in Saccharomyces cerevisiae and it has been shown to 

localize at the cell division plane during cytokinesis16.  

Modulation of Myosin-II dynamics via pharmacological approaches 

 The myosin-II targeting molecules are the ones that, somehow, prevent the regular myosin-II 

mechanics. 4-Hydroxyacetophenone (4-HAP) is a synthetic molecule considered to be a myosin-II 

modulator. 4-HAP is known to intervene in a myosin activation pathway, activating myosin-II/14-3-

3/RacE pathway, inhibiting cytokinesis and increasing cortical accumulation of myosin-II, stiffening the 

cell and reducing the motility and invasion capacity of cancer cell lines (Figure 9)59.  

 

 

 

 

 

 

Figure 9. 4-HAP chemical structure and effect on cell stiffness. (adapted from Sigma-Aldrich website and 
Surcell et al. (2015)59).(Panel on the left) 4-HAP chemical structure. (Panel on the right) Effect of 4-HAP on liver 
derived metastatic pancreatic cancer inner pressure. 

 

 The reference concentration is actually the double of the reference concentration used for 

human cancer cells59. This decision is based on the extracellular cell wall that yeasts have and 

mammalian cells don’t. For the other drug experiments, the changes in the protocol are the stock 
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cultures concentrations, the reference drug concentration and the reference incubation time. These 

drugs concentrations were achieved by unpublished pharmacological tests in microglia by Cruz and 

Mendes Pinto et al., (unpublished results). 

 

2.4 Fluorescence Confocal microscopy 

Fluorescence microscopy is a technique that combines hardware of lenses, paths and light 

emitter and physical-chemical properties of matter that have as consequence fluorescence. Both 

characteristics can be tuned to achieve a desired output of information.When compared to regular 

optical microscopy, fluorescence microscopy is useful to detect or follow specific targets in a 

transparent environment, while the first one relies on quantum effects that certain materials exhibit. 

This effect is very material dependent, which makes it very selective. Also, due to be a property 

consequent of the return from a higher electronic state of energy turns the contrast, which is the 

property itself, very effective. On the other hand, the contrast on regular microscopy is the refractive 

index difference between the solvent and the target molecules or particles. Since the majority of the 

applications of this technique are in the soft matter field, where most particles are lyophilic, and so, 

highly hydrated, the contrast will not be enough to resolve most molecules. For microscopy techniques 

there is the necessity of creating contrast between the target objects and the ones that are not the 

object of study. Fluorescence, however, must be induced on the desired target molecule.  

For the matters of this work it was used fluorescent confocal microscopy. This is one of the 

most common kind of laser scanning fluorescence microscopy. Confocal microscopy main 

characteristic is the positioning of a pin-hole that filters outer focal plane light60 (Figure 10). 
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Figure 10.Microscopy apparatus difference between confocal and wide-field microscopy. 
General conventional/widefield microscope configuration (left) and confocal microscope configuration (right). 

The difference in using confocal instead of conventional microscopy is an increased 

resolution, which is very useful in imaging of meshes and networks at the sub-cellular level (Figure 

11). 

 

Figure 11. Resolution differences between confocal and wide-field microscopy systems(adapted from 
White, J. G., et al.(1987)60). 
Differences in resolution between a conventional fluorescence microscope image (A) and an image taken from a 
confocal laser scanning microscope (B) 

The confocal microscope of the experiment is the Zeiss LSM780, which is commonly used for 

live-imaging in cytokinesis-related studies33. These studies require high-resolution and quantitative 

analysis capacity from the apparatus used. Thus, these are two main advantages from the Zeiss LSM 
780(Figure 12). 
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Figure 12.Zeiss LSM780 confocal microscopy apparatus. 

 

2.4.1 Image Acquisition and Image Processing Software 

 The operating software of the Zeiss LSM 780 is called ZEN. It automates most of the 

processes of calibration and auto-correction and it provides a range of choices of options and 

functions from single plan and z-stack’s acquisition to more complex techniques like fluorescence 

recovery after photobleaching (FRAP) or fluorescence resonance energy transfer61. 

 As mentioned above, the confocal microscope used is going to be the Carl Zeiss LSM 780. 

The single photon-counting mode is crucial for quantitative conclusions taken out of the videos 

acquired, since the sensitivity is essential for low error measurements and, therefore, for valid 

conclusions. 

 To use ZEN, one has to follow a strict protocol if ones to use it in image acquisition and not on 

image processing, which can also be done with ZEN. In this study, only image acquisition is going to 

be performed using Zeiss software. One must turn on the laser, which is a crucial part of the imaging 

process, but images were only taken one hour after to assure steady-state in laser operation. However 

the laser is not on path, is just powered on. When the software opens, it gives the option of starting the 

system in image acquisition or image processing mode. Here, as already discussed, is chosen the 

image acquisition mode. Here, the first panel is the objective focusing, which is one of the six tabs 

available. In the present work, only the tabs related to objective focusing and computer focusing will 

be used. Firstly, one has to prepare the sample at the slide and covering with the cover slip and put it 

on top of the objective with, the coverslip turned to it. To increase the aperture number, and because 

the objective used is a water-interface ready one, with C-Apochromat 40x magnification and NA 1.2, it 

is used an aqueous solution which has a very low evaporation kinetics.  
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 Next, the system is set online and the transmitted light is turned on, opening its path. This is 

useful so that a handmade objective focusing using the analogic oculars can be performed. This 

procedure will be performed for yeast imaging and so, as it grows at room temperature so no 

environment control is activated. At this interface one choses the objective through which the 

visualization is being performed.  

After having the ocular focusing it is required a more refined treatment to the visualization. Firstly, one 

image is not useful for quantitative purposes. So, to a film creation for quantitative purposes, some 

parameters have to be tuned. Some of these parameters are the laser to be used, the choice single 

track/multi-track, the laser power, the acquisition speed, the pinhole aperture and zoom settings 

(Figure 13). 

 

Figure 13.Zen software acquisition system. 

 

In order to perform the desired videos in the same conditions as Mendes Pinto, I.M. et al 201233, some 

conditions have to be tuned to be the same as the ones used at that study. Time series must be a 

picked option and no z-stack formation, the speed of acquisition is set at 6, depending on the 

fluorophore to be excited the laser used and the range of wavelength has to be carefully chosen slide 

is 1.5 mm, the coverslip 22x22 mm and the zoom must be established at 9. But, at this time, an issue 

has to be solved for some images: the light saturation of the samples. If the first image is saturated no 

quantitative inference can be done. However saturation only matters at the contractile ring, where the 

mathematical treatment will be applied. If one goes to the saturation button, the saturated point on the 

image will appear in red (Figure 14). 



 | P a g e  
 

18 

 

Figure 14.Image saturation analysis of a Myo1-GFP wild-type image. 
Image saturation analysis of dividing cells where points of saturation are represented in red. 

 

 In order to correct any saturation problem one must readjust the laser power to a value where 

no saturation is observed.  

 Before the acquisition, one has to get two dividing cells just before contraction begins. For this 

purpose one must identify the spindle-pole bodies of two dividing cells in red polarized in opposite 

regions of the two cells, with the actomyosin ring between them. This search is performed with the 

zoom at 1 and with speed scan at 9. Here one can readjust the laser power and the focusing plan, in 

order to improve the selection made. After choosing the cell, one has to stop the continuous imaging, 

crop and change the zoom to 9 and draw a square over the target area. 

The image processing has two main steps, one at ImageJ where the kymographs are 

performed and where its measurements are made and stored, and another with a semi-automatic, 

programing-based approach, in which a series of mathematical steps must be performed in order to 

achieve, from the data, the experimental parameters correspondent to the mathematical modeling. 
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2.4.2 ImageJ – based image processing 

 The imageJ interface is an open-source software that is the major image processing software 

in the biotechnology field. It was created by Wayne Rasband, the creator of a previous software for 

image processing at the National Institute of Health (NIH), program named after the institute. This 

previous software was developed in Macintosh-based language, confining it to the Macintosh users. At 

the time, Rasband had just received one of the first Apple Macintosh II, so the community was not 

large. However, the software was already open-source and, was also pioneer because there was no 

image processing software for that operating system. By that time, to turn it open-source, Rasband 

had to teach how to handle the program and also to program to the scientific community. However, 10 

years later, in order to reach more people and, therefore, to increase the potentials of an image 

processing software, Rasband created ImageJ in Java language62. Since it is written in an operating 

system independent language, it could reach more users and therefore, with Internet’s help, became 

an user-driven software with more than 400 plugins and macros63. 

With this image processor it is possible to get biological images and get a temporal or spatial 

inferences and that is why it is used in this study. The image processing followed was the proceeded 

one in Mendes Pinto, et al. (2012)33, where the images of the contractile ring decrease over time and 

the output intensity versus the pixels number after a dimension reduction, in a myosin-II labeled 

image, can be exactly measured just by knowing pixels size (Figure 15). The difference between the 

edges of the ring was considered to be the maximum distance between points with half the maximum 

intensity, instead of the distance between peaks, due to a peak merging phenomena when the ring 

gets smaller, also called point-spread function. The distance between the maximum and the half-

maximum points was measured to be 350 nm and, this value was considered to be the critical value to 

stop the measurement, a necessary consideration due to be light-phenomenon dependent 

quantification, suffering the limitations due to diffraction as was approached in the previous sub-

chapters.  
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(A) 

 

(B)

 

(C) 

 

Figure 15. Image processing of an actomyosin ring Myo1-GFP strain video (adapted from Mendes Pinto, 
I.M. (2012)33).(A) Representative kymograph (on the right) prepared from the analysis of actomyosin ring 
fluorescence dynamics (on the left), (1)marks the beginning of contraction and (2) the end of contraction. (B)and 
(C) Pixel intensity values at time (1) and (2) respectively. 

 Since the desired measurements are about actomyosin ring dynamics, only the green channel was used 
for further analysis (Figure 15). 
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(A) 

 

(B) 

 
 

Figure 16.Composite image (A) of a cell undergoing cytokinesis and expressing Myo1-GFP (B left) and 
Spc42-mcherry (B right). 

 

Upon selection of the green channel, one must superimpose a line to the contractile ring in order to 

define the sub-cellular region of interest (ROI). The linethickness is defined by the user(in this thesis 

the value used was 20) but it should include the all area of the contractile ring (Figure 17). 

The selection of a region of interest (ROI) enables the generation of profiles of fluorescent intensity as 

a function of time specifically in the contractile ring area. These intensity profiles are commonly called 

kymographs. 
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(A) 

 

(B) 

 
 

 

Figure 17.Analysis of actomyosin ring dynamics in a time-lapse movie of Myo1-GFP wild type strain. (A) 
Selection of a region of interest (ROI) – the actomyosin ring. (B) Kymograph of the actomyosin ring selected in 
(A). 

 

 The kymograph,in Figure 17,corresponds to an image with intensity differences between 

individual pixels.In order to improve the image analysis process, it is necessary to smooth the image, 

turning each pixel value into an average of the surrounding pixels values (Figure 18). 
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(A) 

 

(B) 

 

(C) 

 

(D) 

 

 

Figure 18.Myo1-GFP strain video kymograph smoothing process.(A) Original kymograph. (B) Smoothed 
kymograph. The image is fuzzier but mathematically it means it is more continuous. (C) Pixels intensity 
distributionalong the white horizontal line drawn on the original kymograph. (D) Pixels intensity distribution along 
the white horizontal line drawn on the original kymographafter smoothing. 

 

 After the kymograph smoothing, the image background noise was subtracted. Using the 

contrast controller it is possible to adjust the image to the final result and the threshold chosen 

becomes the new zero (Figure 19). 

(A) 

 

(B) 

 

Figure 19.Myo1-GFP kymographs before and after background subtraction. 
 (A) Smoothed kymograph. (B) Kymograph after background subtraction. 
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 The measurement of this final kymograph is performed with synchronized profiles and 

unnormalized values (Figure 20). 

(A) 

 
 

(B) 

 

(C) 
 

 
Figure 20.Myo1-GFP strain contractile ring kymograph measurements. 
(A) Kymograph after background subtraction. (B) Density profile and (C) Width profile using experimental values.  

 For the photobleaching correction, cytosolic profiles were generated as well. These profiles 

are obtained by drawing a rectangular ROI inside a cell cytoplasm and by averaging the intensity 

inside of this ROI for each time point (Figure 21). 
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(A) 

 
 
 

(B) 

 

Figure 21.Cytosolic fluorescence profile in a Myo1-GFP wt video. 
(A) ROI drawing in the cytosolic region of one of the cells presently dividing. (B) ImageJ based cytosolic profile 
extracted from the previous ROI. 

  

2.4.3 Experimental parameters assessment: contraction and density 
loss rates 

 The quantitative analysis proceduresdescribed in this section were made using the 

kymographs and corresponding intensity and width profilesgenerated in the previous section.  

1) Photobleaching quantification. Considering the cytosolic intensity profiles of iqgCH-GFP and 

Myo1-GFP probes, all the fluorescence intensity values in the cytosolwere normalized relatively to the 

first value (at acquisition frame= 1). The steady decrease in intensity registered in the cytosolic area 

during the ring contraction time is mainly due to the effect of photobleaching.  

2) Protein density correction.This correction is performed by dividingthe value of ring’s average 

fluorescence intensity, at every time point, by the normalized value of cytosolic fluorescence (which 

corresponds to the photobleaching correction factor).  

3) Ring width and protein intensitynormalization. This normalization procedure is performed by 

dividing all values of width or protein intensity by the first time point values. If the variation of ring width 

or protein intensity, among the first 10, time points is bigger than 10%, then it is considered that 

contraction has already been initiated. 

4)Frame to time conversion. WithImageJ software it is possible to plot thering fluorescence intensity 

or width as a function of frame number, but not as a function of time step. The conversion from frame 

number to time step has to be performed using the scan-speed used during the acquisition of the time-

lapse movie. In all videos, the scan speed used was 6, corresponding to a time interval between 

frames of 3.87 seconds. So the first time point is considered to be time equal to zero seconds and 

subsequent time pointsare reached by adding 3.87 seconds.  
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5) Contraction and protein density rates measurements. Linear regressions were used to measure 

ring contraction and protein density loss rates, α  and βrespectively. Therefore, both rates are 

assumed to be equal to the slope of the linear functions. Also, before any of these procedures, time is 

retrieved from ImageJ as frames, which should be converted into time steps, knowing that the time 

interval between frames was 3,87 seconds during acquisition. 

Statistical analysis 

 Each set of experimental results were considered to be samples of a normal distribution 

population. To evaluate the quality of the inference we get from the sample about the population there 

were three parameters used:the mean of the sample, the standard error of the mean and the standard 

deviation. For a comparative analysis between different sets of experiments it was used the single tail 

Student’s t-test for populations with different variances. P-values are only considered statistically 

significant when below 5%. 

3 Results and Discussion 

3.1 Validation 

 Image processing is a crucial step in this master project and must be reproduced using the 

same procedures as the ones reported in Mendes Pinto et al, (2012). In order to assess the 

reproducibility of the acquisition and the image processing methods it was essential to compare the 

results obtained from the original study with the ones obtained during this project. 

3.1.1 Contraction and density loss rates 

 The calculation of the rates is based on the assumption that after the contraction starts, it 

occurs at a constant rate. This selection of the time points useful for contraction rate calculation is 

performed visually, but the principle behind it can be justified mathematically in a very straightforward 

way. To do so, an approximation using Lagrange’s theorem is the first step for a better visualization of 

the profile’s dynamics. Lagrange´s theorem can be written as follows: 

∀𝑎, 𝑏 ∈ ℝ, ∃𝑐 ∈ ]𝑎, 𝑏[:       
𝑑𝑓 𝑐 
𝑑𝑡 =  

𝑓 𝑏 − 𝑓 𝑎 
𝑏 − 𝑎 , 𝑓 𝑥  𝑖𝑠 𝑐𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 𝑎𝑛𝑑 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑏𝑙𝑒 𝑖𝑛 ℝ 

It means that between any domain’s interval ]a; b[ in a continuous and differentiable function, there is 

a tangent line whose slope has the same value than the one of the line that crosses point A = (a, f(a)) 
and point B = (b, f(b)). A possible approximation to this theorem, whenever you have time points 

describing a continuous property, is to consider that c is the midpoint between a and b. Therefore you 

can have a function of the original property that, within an error range, is a good description of its 

derivative function(Figure 22). 
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(A) 

 
(B) 

 
(C) 

 
Figure 22. Protein density and ring diameter normalized profiles derivative approximation of a 
representative time-lapse movie of a Myo1-GFP wild-type strain. The dashed line shows the time point 
from where the contraction starts.(A) Normalized profiles in time for protein density and ring diameter. (B) 
Contraction rate as a function of time. (C) Protein density loss rate a function of time. 
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The measured contraction rates and density loss rates are very distinct from each other. The protein 

density loss rate is clearly more disperse than the contraction rate. The rate of contraction, 

macroscopically, is clearly constant oncethe ring contraction is initiated. However, at the microscopy 

level, and when assessing the contraction rate using 2-3 consecutive time-points, the rates are not 

constant. This variability is possibly is due to an intrinsic molecular dynamicsand/or ongoing optical 

processes during the acquisition time. 

In order to have a more comprehensive understanding about the difference between the macroscopic 

and microscopic rates. Firstly, it was calculated the contraction rate by measuring the slope of the line 

that passes by the initial and final contraction points. Considering that contraction lasts for roughly 350 

seconds, the approximated macroscopic contraction rate is (1−0,1
350

) = 0,0026 s-1. It is possible to extract 

a single value rate from microscopic rates using a bottom-up approachthat implies: 1) averaging all 

the values of the rate after contraction started and 2) averaging all the time points before and after the 

beginning of contraction (Figure 23). 
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(C) 

 
Figure 23.Rate averaging method to obtain a macroscopic rate from the microscopic derivative. 

(A) Scatter plot of the derivative function of the ring diameter profile in time (red) and the average value after 
contraction started (dashed line). (B) Chart representingprotein density loss rate profile (blue) and its average 
before and after contraction (dashed line). (C) Density loss and contraction rates cumulative averages. 

 

 The final values for the contraction rate from each method are 0,0017 s-1 and 0,0010 s-1 for 

biased and non-biased bottom-up approach rate calculation, respectively. This means that these rates 

diverge from macroscopic rate estimates in, approximately, 34% and 62%, respectively. To minimize 

the error, the rate was calculated using a top-down approach. The approach was to approximate a 

linear function to the time points after the beginning of contraction (Figure 24). The calculated rate 

resulted in 0,0037 s-1 with a correlation coefficient of 0,96. 

 

Figure 24.Linear approximation of the ring diameter profile of a representative time-lapse movie of a 
Myo1-GFP wild-type strain. 
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3.1.2 Image acquisition and image processing validation 

 A comparative analysis was made between the published results and the results acquired 

during this master project in order to analyze the quality and the reproducibility of the kinetic 

parameters such as contraction rate and protein density loss rate.  Using the Myo1-GFP wild-type 

strain, time-lapse movies were acquired, processed and compared with previously published results 

(Figure 25). 

 

 

 

 

Figure 25.Average of synchronized width values of published (blue) and new videos (red) of Myo1-GFP 
wild-type strain. 
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3.1.3 Quantitative comparison of myosin-II and actin fluorescently 
labeled-strains 

 There are strains that track myosin-II and filamentous actin separately. However, the fate of 

the actin and myosin-II are correlated due to the complex they form. This can be visualized by the 

similar dynamic of the profiles (Figure 26) the time lapses (Figure 27) and was measured inFigure 28. 

(A) 

 

 

(B) 

 

 

Figure 26.Comparison of two representative time-lapses for Myo1-GFP and iqg1CH-GFP wild-type strains. 

(A) Myo1-GFP wild-typestrain normalized profiles of ring diameter and ring intensity. (B) iqg1CH-GFP wild-type 
strain normalized profiles of ring diameter and ring intensity. 
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Figure 27.Representative time-lapse images of Myo1-GFP and iqg1CH-GFP wild-type strains.The time 
interval between images was 58.98s and the scale bar corresponds to 1μm (unpublished data from Fernandes 
and O’Sullivan et al.). 

 
 
 
 

(A) 

 
(B) 

 

Figure 28. Quantitative comparison of Myo1-GFP and iqg1-GFP wild-type strains in terms of (A) 
contraction rate and (B) protein density loss rates(unpublished data from Fernandes and O’Sullivan et 
al.). 
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It was not observed a significant difference for contraction and protein density loss rates. Therefore, 

the results obtained for Myo1-GFP and iqgCH-GFP wild-type strains are considered to be 

reproducible. 

3.2 Actin filament dynamics modulation via pharmacological 
approaches 

 The drug yessotoxin (YTX) has been reported to induce a highly non-linear response in 

extracellular calcium uptake by the cells in human lymphocytes64 and cortical actin remodeling in 

mouse fibroblasts58. Additionally, an effect on lysosomes stability has been reported, which could 

influence the structure and dynamics of actin cytoskeleton by protease release into the cytoplasm58. 

 The first concentration tested was an optimized one for microglia cells by Cruz and Mendes 

Pinto et al., (unpublished data) where the maximum effect without cell death was achieved at 1 nM of 

YTX using methanol as solvent. The effects of this concentration on cytokinesis dynamics in S. 
cerevisiae were visualized (Figure 29) and measured (Figure 30). 

 
 

 
 

Figure 29.Time-lapse images of Myo1-GFP wild-type strain with methanol control (top) and 1nM YTX drug 
(down).The time interval between images was 58.98 s and the scale bar corresponds to 1μm (unpublished data 
from Fernandes and O’Sullivan et al.). 
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(A) 

 
(B) 

 
(C) 

 
Figure 30. Effect of 1nM YTX drug on Myo1-GFP wild-type in terms of contraction rate (A), protein density 
loss rate (B) and on contractile ring initial fluorescence intensity (C) (unpublished data from Fernandes and 
O’Sullivan et al.). 

 

 Pectenotoxin-2 (PTX-2) is a marine sponge extracted drug, which is known to act on actin 

dynamics. It was observed to induce a decrease in cortical actin concentration, in human hepatic 
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cells55. If it affects specifically actin polymerization or depolymerization is still remains unclear. To 

better understand the underlying mechanisms of action of PTX-2 on actomyosin ring cytoskeleton, the 

contractile ring dynamics was analyzed (Figure 32) in cell cultures exposed to 10 nM of PTX-2 (Figure 

31). 

 

 

 

 

 

 

 

 

Figure 31.Time-lapse images of Myo1-GFP with methanol control and 10nM PTX-2 drug test.The time 
interval between images was 58.98 s and the scale bar corresponds to 1μm (unpublished data from Fernandes 
and O’Sullivan et al.). 
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(A) 

 
(B) 

 
(C) 

 
Figure 32. Effect of 10nM PTX-2 drug on Myo1-GFP wild-type in terms of contraction rate (A), protein 
density loss rate (B) and on contractile ring initial fluorescence intensity (C) (unpublished data from 
Fernandes and O’Sullivan et al.). 
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protein density loss rate in 14% relatively to the wild-type, but without compromising the contraction 

rate and the initial integrity of the ring showing a likely effect over the mechanism of actin 

depolymerization. YTX tested cells had a very small dispersion of values on the rate of contraction and 

a similar one for initial ring intensity, but caused a great variability in the rate of protein density loss.  

3.3 Actin filament dynamics modulation via genetic approaches 

 The formin Bni1 was shown, in previous publications, to be present at the cell division plane 

and to locally nucleate actin cables in S. cerevisiae cells16. In this project, it was quantitatively 

assessed the influence Bni1 deleted mutant in Myo1-GFP (Figure 33and Figure 34). 

 

 

Figure 33.Time-lapse images of Myo1-GFP wild type and with a deletion mutation Δbni1.The time interval 
between images was 58.98 s and the scale bar at the end of the time lapse represents 1 μm (unpublished data 
from Fernandes and O’Sullivan et al.). 
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(A) 

 
(B) 

 
 

Figure 34. Effect of Bni1 deletion on Myo1-GFP strain in terms of: contraction and protein density loss 
rates (unpublished data from Fernandes and O’Sullivan et al.). 

 

Δbni1 in Myo1-GFP strain shows a significant effect on the rate of contraction by reducing it in 65% 

without affecting the rate of protein density loss. Since Bni1 is an actin filament nucleating agent, it 

was also analyzed the effect of Δbni1 in iqgCH-GFP strains (Figure 35 and Figure 36). 
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Figure 35.Time-lapse images of wild-type and Δbni1 strains labeled with iqgCH-GFP. The time interval 
between images was 58.98 s and the scale bar corresponds to 1μm (unpublished data from Fernandes and 
O’Sullivan et al.). 
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(A) 

 

(B) 

 

Figure 36.Effect of Bni1 deletion on iqgCH-GFP strain in terms of: contraction and protein density loss 
rates (unpublished data from Fernandes and O’Sullivan et al.). 
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3.4 Myosin-II dynamics modulation via pharmacological 
approaches 

 4-HAP is a drug that was shown to act on the cytoskeleton in human cell lines, by enhancing 

the cortical localization and activity of myosin-II59. Additionally, 4-HAP has shown 4-HAP’s ability to 

convert the mechanical profile of metastasis-derived pancreatic cancer cells toward a normal WT-

like state59.In this masters project, it was explored the effect of the effect of 1μM of 4-HAP (Figure 37) 

on actomyosin ring dynamics and cytokinesis (Figure 38). 

 
 

 
 

Figure 37.Time-lapse images of Myo1-GFP with ethanol and 1μM of 4-HAP.The time interval between images 
was 58.98 s and the scale bar corresponds to 1μm (unpublished data from Fernandes and O’Sullivan et al.). 
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(A) 

 
(B) 

 
(C) 

 
Figure 38.Effect of 4-HAP on Myo1-GFP Saccharomyces cerevisiae strain cytokinesis contraction and 
protein density loss rates and on its contractile ring initial fluorescence intensity (unpublished data from 
Fernandes and O’Sullivan et al.). 
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 At 1μM of 4-HAP the majority of the cells analyzed do not show significant differences in terms 

of ring contraction and protein density loss rate when compared with non-treated cells (Table3) 

However, a sub-population of treated cells, 4 out of 19 (Table 4), did show an absolute impairment of 

actomyosin ring contraction (Figure 39). 

 

Figure 39.Time lapse images of Myo1-GFP with 1μM of 4-HAP. The time interval between images was 58.98 s 
and the scale bar corresponds to 1μm (unpublished data from Fernandes and O’Sullivan et al.). 

 As summarized in Table 4, the previously optimized drug concentrations initially used in 

microglia cells did not show significant effect on the contraction dynamics of yeast cells. A possible 

explanation for these results could be the existence of an additional physical barrier in yeast cells, 

such as the cell wall, that could limit the uptake of the drug from the extracellular media. Therefore, 

our ongoing experiments aim to analyze the effect of higher drug concentration on cytokinesis yeast 

dynamics. 

Table 4.Experimental model parameters and statistics. N is the number of elements,α, β and Kd are the 
parameters of the model. Deviation values correspond to standard error of the mean (unpublished data from 
Fernandes and O’Sullivan et al.). 

 N α (s-1) β (s-1) Kd (s-1) 
Myo1-GFP 
Wild type 29 3.6±0.4 2.1±0.7 5.7 

Ethanol 4% 13 2.3±0.3 1.0±0.3 3.3 
4HAP 1 μM 14 2.1±0.3 -0.9±1.0 1.2 
4HAP 1 μM 4 0 0± 0.24 0 

Methanol 1% 22 2.9±0.2 0.3±0.4 3.3 
YTX 1 nM 11 3.0±0.3 -1.5±1.6 1.5 

PTX2 10 nM 14 2.2±0.3 0.3±0.4 2.5 
Myo1-GFP Δbni1 14 1.3±0.2 1.1±0.3 2.3 

iqg1CH-GFP 
Wild type 47 3.2± 0.2 1.4± 0.2 4.6 

iqg1CH-GFP 
Δbni1 16 1.5± 0.3 1.2± 0.2 2.3 
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4 Conclusions and Future Perspectives 
This thesis aims to explore the use of quantitative imaging tools as means to assess the function of 

different proteins and pharmacological agents in actomyosin contraction during cytokinesis in tractable 

genetic systems such as yeast S. cerevisiae. YTX, PTX-2 and 4-HAP are drugs with documented 

effect over the actin and myosin-II cytoskeletons, however poorly explored within the context of cell 

division and actomyosin ring contraction. The drug concentrations used so far do not show a 

considerable effect on actomyosin ring contraction, while increased concentrations are currently being 

tested to increase the amount of drug at the intracellular level. Our results show that the actomyosin 

ring rate of contraction did in fact slow with a ∆bni1 mutation to 51-55% of the total contraction rate of 

the wild type.It validates the theory that intracellular trafficking and therefore actin polymerization and 

re-polarization play a critical role in the regulation membrane ingression based contraction.  The 

deletion of the formin Bni1, which localizes at the actomyosin ring thus allowing the localized 

production of actin filaments, causes the cell to show a more rounded shape and to also contract at a 

significantly slower rate (51%-55%) when compared to the Wt. Initial Myo1 filaments concentration is 

similar in Δbni1 which indirectly suggests that there is no impact on myosin-II production and 

localization from the ∆bni1 mutant. Furthermore, since the rate of protein density loss is not altered, 

the conclusion is that there was no effect over actin depolymerization. This conclusion is not predicted 

by the model used but is clearly supported by the fact that the initial filaments concentration of actin is 

reduced (data not shown) and the initial concentration of myosin-II filaments is not. Knowing Bni1 

activity it becomes clear that the slow- down in contraction in its absence is not a consequence of 

slower actin depolymerization but that it is due to a reduction of the initial concentration of actin 

filaments at the contractile ring. However, there are other hypotheses to the actuation mechanism of 

Bni1. Other hypothesis is that formin absence results in less effective anchorage of the actomyosin 

ring to the membrane. This may limit the force generation of the actomyosin ring on the bud neck 

membrane as a whole due to the lack of membrane bound filaments, but still imped its independent 

contraction due to the presence of other potential membrane-actomyosin ring linkers. 

To conclude, in the future a quantitative characterization of the contribution of membrane dynamics in 

overall actomyosin ring contraction along with the use of higher organism cells would reinforce the 

theories and models produced in yeast cell systems. This will hopefully lead to a fervent study and in-

depth understanding of the actomyosin ring contraction mechanisms and the proteins involved within 

the mammalian cell cytokinesis. 

  

 

  



 | P a g e  
 

45 

5 References 
1. Li, R. Cytokinesis in development and disease: Variations on a common theme. Cell. Mol. Life 

Sci.64, 3044–3058 (2007). 

2. Mendes Pinto, I., Rubinstein, B. & Li, R. Force to divide: structural and mechanical 

requirements for actomyosin ring contraction. Biophys. J.105, 547–54 (2013). 

3. Balasubramanian, M. K., Bi, E. & Glotzer, M. Comparative analysis of cytokinesis in budding 

yeast, fission yeast and animal cells. Curr. Biol.14, 806–818 (2004). 

4. Baskin, T. I. & Bivens, N. J. Stimulation of radial expansion in arabidopsis roots by inhibitors of 

actomyosin and vesicle secretion but not by various inhibitors of metabolism. Planta197, 514–

521 (1995). 

5. Carvalho, A., Desai, A. & Oegema, K. Structural Memory in the Contractile Ring Makes the 

Duration of Cytokinesis Independent of Cell Size. Cell137, 926–937 (2009). 

6. Cooper, G. M. The Cell: A Molecular Approach. (2000). 

7. Straub, F. On the specificity of the ATP-effect. Stud. Inst. Med. Chem. Univ. Szeged (1942). 

8. Hatano, S. & Oosawa, F. Isolation and characterization of plasmodium actin. Biochim. Biophys. 
Acta - Gen. Subj.127, 488–498 (1966). 

9. Tsuda, Y., Yasutake, H., Ishijima, A. & Yanagida, T. Torsional rigidity of single actin filaments 

and actin-actin bond breaking force under torsion measured directly by in vitro 

micromanipulation. Proc. Natl. Acad. Sci.93, 12937–12942 (1996). 

10. Berro, J., Michelot, A., Blanchoin, L., Kovar, D. & Martiel, J. Attachment conditions control actin 

filament buckling and the production of forces. Biophys. J. (2007). 

11. Murthy, K. & Wadsworth, P. Myosin-II-dependent localization and dynamics of F-actin during 

cytokinesis. Curr. Biol.15, 724–731 (2005). 

12. Guha, M., Zhou, M. & Wang, Y. L. Cortical actin turnover during cytokinesis requires myosin II. 

Curr. Biol.15, 732–736 (2005). 

13. Maugis, B. et al. Dynamic instability of the intracellular pressure drives bleb-based motility. J. 
Cell Sci.123, 3884–3892 (2010). 

14. Higashida, C. et al. Actin polymerization-driven molecular movement of mDia1 in living cells. 

Science303, 2007–10 (2004). 

15. Goode, B. L. & Eck, M. J. Mechanism and Function of Formins in the Control of Actin 

Assembly. Annu. Rev. Biochem.76, 593–627 (2007). 

16. Moseley, J. B. & Goode, B. L. Differential activities and regulation of Saccharomyces 

cerevisiae formin proteins Bni1 and Bnr1 by Bud6. J. Biol. Chem.280, 28023–28033 (2005). 

17. Kovar, D. R. & Pollard, T. D. Insertional assembly of actin filament barbed ends in association 



 | P a g e  
 

46 

with formins produces piconewton forces. Proc. Natl. Acad. Sci. U. S. A.101, 14725–14730 

(2004). 

18. Carlsson, L., Nyström, L.-E., Sundkvist, I., Markey, F. & Lindberg, U. Actin polymerizability is 

influenced by profilin, a low molecular weight protein in non-muscle cells. J. Mol. Biol.115, 465–

483 (1977). 

19. Nishida, E., Maekawa, S. & Sakai, H. Cofilin, a protein in porcine brain that binds to actin 

filaments and inhibits their interactions with myosin and tropomyosin. Biochemistry23, 5307–

5313 (1984). 

20. McCullough, B. R. et al. Cofilin-linked changes in actin filament flexibility promote severing. 

Biophys. J.101, 151–9 (2011). 

21. Andrianantoandro, E. & Pollard, T. D. Mechanism of actin filament turnover by severing and 

nucleation at different concentrations of ADF/cofilin. Mol. Cell24, 13–23 (2006). 

22. Schoumacher, M., Goldman, R. D., Louvard, D. & Vignjevic, D. M. Actin, microtubules, and 

vimentin intermediate filaments cooperate for elongation of invadopodia. J. Cell Biol.189, 541–

556 (2010). 

23. Rubinstein, B. & Pinto, I. M. Epithelia migration: A spatiotemporal interplay between contraction 

and adhesion. Cell Adhes. Migr.9, 340–344 (2015). 

24. Wedlich-Soldner, R., Altschuler, S., Wu, L. & Li, R. Spontaneous Cell Polarization Through 

Actomyosin-Based Delivery of the Cdc42 GTPase. Science (80-. ).299, 1231–1235 (2003). 

25. Slaughter, B. D. et al. Non-uniform membrane diffusion enables steady-state cell polarization 

via vesicular trafficking. Nat. Commun.4, 1380 (2013). 

26. Bi, E. & Park, H. O. Cell polarization and cytokinesis in budding yeast. Genetics191, 347–387 

(2012). 

27. Kamasaki, T., Osumi, M. & Mabuchi, I. Three-dimensional arrangement of F-actin in the 

contractile ring of fission yeast. J. Cell Biol.178, 765–71 (2007). 

28. Kuehne, W. Untersuchungen über Bewegungen und Veränderungen der contractilen 

Substanzen. Arch. für Anat. Physiol. und wissenschaftliche … (1859). 

29. Engelhardt, W. & Lyubimova, M. Myosin and adenosine triphosphatase. Nature (1939). 

30. Lodish, H., Berk, A. & Zipursky, S. Molecular cell biology. (W. H. Freeman and Company, 

2000). 

31. Vale, R. D. & Milligan, R. a. The way things move: looking under the hood of molecular motor 

proteins. Science288, 88–95 (2000). 

32. Murrell, M., Oakes, P. W., Lenz, M. & Gardel, M. L. Forcing cells into shape: the mechanics of 

actomyosin contractility. Nat. Rev. Mol. Cell Biol.16, 486–498 (2015). 

33. Mendes Pinto, I., Rubinstein, B., Kucharavy, A., Unruh, J. R. & Li, R. Actin Depolymerization 



 | P a g e  
 

47 

Drives Actomyosin Ring Contraction during Budding Yeast Cytokinesis. Dev. Cell22, 1247–

1260 (2012). 

34. Proctor, S. A., Minc, N., Boudaoud, A. & Chang, F. Contributions of turgor pressure, the 

contractile ring, and septum assembly to forces in cytokinesis in fission yeast. Curr. Biol.22, 
1601–1608 (2012). 

35. Jendretzki, A., Ciklic, I., Rodicio, R., Schmitz, H.-P. & Heinisch, J. J. Cyk3 acts in actomyosin 

ring independent cytokinesis by recruiting Inn1 to the yeast bud neck. Mol. Genet. 
Genomics282, 437–451 (2009). 

36. Wright, D. J. et al. The Saccharomyces cerevisiae actin cytoskeletal component Bsp1p has an 

auxiliary role in actomyosin ring function and in the maintenance of bud-neck structure. 

Genetics178, 1903–1914 (2008). 

37. Tomas, A., Futter, C. & Moss, S. E. Annexin 11 is required for midbody formation and 

completion of the terminal phase of cytokinesis. J. Cell Biol.165, (2004). 

38. Feng, B., Schwarz, H. & Jesuthasan, S. Furrow-Specific Endocytosis during Cytokinesis of 

Zebrafish Blastomeres. Exp. Cell Res.279, 14–20 (2002). 

39. Uyeda, T. Q., Kitayama, C. & Yumura, S. Myosin II-independent cytokinesis in Dictyostelium: 

its mechanism and implications. Cell Struct. Funct.25, 1–10 (2000). 

40. Kanada, M., Nagasaki, A. & Uyeda, T. Q. P. Adhesion-dependent and contractile ring-

independent equatorial furrowing during cytokinesis in mammalian cells. Mol. Biol. Cell16, 
3865–72 (2005). 

41. Sanchez-Diaz, A. et al. Inn1 couples contraction of the actomyosin ring to membrane 

ingression during cytokinesis in budding yeast. Nat. Cell Biol.10, 395–406 (2008). 

42. Peng, J., Wang, J., Wang, J., Zhang, H. & Chen, X. Simplified neutrosophic sets and their 

applications in multi-criteria group decision-making problems. Int. J. Syst. Sci. (2015). 

43. Pan, Q., Shai, O., Lee, L. J., Frey, B. J. & Blencowe, B. J. Deep surveying of alternative 

splicing complexity in the human transcriptome by high-throughput sequencing. Nat. Genet.40, 
1413–5 (2008). 

44. Chiu, Y.-L. & Rana, T. M. RNAi in Human Cells. Mol. Cell10, 549–561 (2002). 

45. Maupin, P., Phillips, C., Adelstein, R. & Pollard, T. Differential localization of myosin-II 

isozymes in human cultured cells and blood cells. J. Cell Sci.107, 3077–3090 (1994). 

46. Bollag, R., Watdman, A. & Liskay, R. Homologous recombination in mammalian cells. Annu. 
Rev. Genet. (1989). 

47. Pollard, T. D. The value of mechanistic biophysical information for systems-level understanding 

of complex biological processes such as cytokinesis. Biophys. J.107, 2499–507 (2014). 

48. Samuel, M. S. et al. Actomyosin-mediated cellular tension drives increased tissue stiffness and 



 | P a g e  
 

48 

α-catenin activation to induce epidermal hyperplasia and tumor growth. Cancer Cell19, 776–

791 (2011). 

49. Samuel, M. S. & Olson, M. F. Actomyosin contractililty: Force power drives tumor growth. Cell 
Cycle10, 3409–3410 (2011). 

50. Sanz-Moreno, V. et al. ROCK and JAK1 Signaling Cooperate to Control Actomyosin 

Contractility in Tumor Cells and Stroma. Cancer Cell20, 229–245 (2011). 

51. Tautz, D. & Pfeifle, C. A non-radioactive in situ hybridization method for the localization of 

specific RNAs in Drosophila embryos reveals translational control of the segmentation gene 

hunchback. Chromosoma98, 81–85 (1989). 

52. Keppler, A. et al. A general method for the covalent labeling of fusion proteins with small 

molecules in vivo. Nat. Biotechnol.21, 86–9 (2003). 

53. Giepmans, B. N. G., Adams, S. R., Ellisman, M. H. & Tsien, R. Y. The fluorescent toolbox for 

assessing protein location and function. Science312, 217–24 (2006). 

54. Huh, W. k. et al. Global analysis of protein localization in budding yeast. Nature425, 686–91 

(2003). 

55. Espiña, B. et al. Cytoskeletal toxicity of pectenotoxins in hepatic cells. Br. J. Pharmacol.155, 
934–44 (2008). 

56. Chae, H.-D. et al. Oocyte-based screening of cytokinesis inhibitors and identification of 

pectenotoxin-2 that induces Bim/Bax-mediated apoptosis in p53-deficient tumors. 

Oncogene24, 4813–9 (2005). 

57. Orsi, C. F. et al. Yessotoxin inhibits phagocytic activity of macrophages. Toxicon55, 265–273 

(2010). 

58. Malagoli, D., Marchesini, E. & Ottaviani, E. Lysosomes as the target of yessotoxin in 

invertebrate and vertebrate cell lines. Toxicol. Lett.167, 75–83 (2006). 

59. Surcel, A., Ng, W. & West-Foyle, H. Pharmacological activation of myosin II paralogs to correct 

cell mechanics defects. Proc.  … (2015). 

60. White, J. G., Amos, W. B. & Fordham, M. An Evaluation of Confocal Versus Conventional 

Imaging of Biological Stuctures by Fluorescence Light Microscopy. Cell105, 41–48 (1987). 

61. GmbH, C. Z. M. Zeiss LSM780, confocal microscope system. at <http://www.zmbh.uni-

heidelberg.de/central_services/imaging_facility/datasheets/Short description Zeiss LSM 780> 

62. Schneider, C. a, Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image 

analysis. Nat. Methods9, 671–675 (2012). 

63. Collins, T. ImageJ for microscopy. Biotechniques43(1 Suppl, 25–30 (2007). 

64. de la Rosa, L. a, Alfonso,  a, Vilariño, N., Vieytes, M. R. & Botana, L. M. Modulation of cytosolic 

calcium levels of human lymphocytes by yessotoxin, a novel marine phycotoxin. Biochem. 



 | P a g e  
 

49 

Pharmacol.61, 827–33 (2001). 

 

  



 | P a g e  
 

50 

  



 | P a g e  
 

51 

6 Publications 
 

1. Castro Fernandes D., Caballero D., Pinto, Inês M. (2016).Mechanometabolomic 
Transduction: probing the malignant transformation of epithelial tissues(in preparation).  

 

2. Castro Fernandes D.,O’Sullivan T.,Rubinstein B., Pinto Inês M. (2016). Deciphering the 
mechanisms of actomyosin ring contraction using novel pharmacological approaches.(in 
preparation) 

 

 

 

 


