A complex serious of events

Abstract
Endocytosis is a complex serious of events which occurs in the majority of eukaryotic cells. There are a wide range of endocytic pathways which are undertaken taken by a number of organisms. By using experimental data we look to see whether there is an evolutionary relationship in regards to the route of endocytosis taken and whether these fit into a pathway of vesicle trafficking. Many experiments have been carried out and use techniques such as time-lapse imaging and phylogenetic analysis. Time lapse imaging allows us to see the processes occurring in real time and phylogenetic analysis shows us how the organisms relate in terms of protein interactions. By looking at a range of organisms e.g. Dictyostelium, Saccharomyces Cerevisiae (yeast), trypanosomes, Caenorhabiditis elegans, Tetrahymena and mammals, and specific protein interactions eg. Dynamin, AP-2, we are able to see the extent as to whether the different routes of endocytosis fit into an evolutionary history of vesicle trafficking. Overall, it is evident that there is a relationship between the route of endocytosis taken and the history of vesicle trafficking, however the strength of this relationship is not as clear as one may think.
Introduction
Endocytosis is a key membrane trafficking process which takes place in a large amount of eukaryotic cells. This process allows a range of membrane components and extracellular material to be internalised into vesicles formed from the plasma membrane (fig.1). These vesicles are then delivered to the early and late endosomes, and are eventually recycled back to the membrane or degraded with the lysosome. Endocytosis is a broad term which includes a range of different pathways. The process of endocytosis is tightly controlled and a range of different proteins and interactions need to be considered in order for a greater understanding of what might seem a simple cellular process. Although this is a general definition for endocytosis, some of the endoytic pathways do not follow this exact pathway. For example, phagocytosis, here cells engulf solid particles and form an internal phagosome. In addition, endocytosis also plays a key role in the regulation of many intracellular cascade events, mitosis and cell migration.

The protein Clathrin was first discovered in 1975 by B. Pearse, and since a great deal of research has been performed in this area. Clathrin is composed of three heavy chains (CHC) each with an associated light chain (CLC), and forms a triskelion shape. The heavy chain is a polypeptide with five functionally distinct regions: a globular N-terminal, a curved region, the "knee," which divides the polypeptide into the proximal and distal areas, and the C-terminal hub domain which mediates trimerization (fig.2) (Newpher et al, 2005). In the event of interactions between the proximal and distal leg a closed basket structure forms. This occurs in Clathrin Mediated Endocytosis (CME) and functions to surround the vesicles. It has been suggested that the light chain of Clathrin regulates the assembly state of Clathrin triskelions (Wendland and Baggett,2001). However, it has also been suggested that clathrin light chain may not be as important as some literature suggests. O'Halloran et al, performed a range of experiments in vitro in different organisms in order to characterise CLC. Firstly, they showed that by stripping a triskelion of CLC it still self-assembled into a clathrin lattice (Lemmon et al, 2006). Secondly, they compared the function of CLC in two different organisms- Saccharomyces cerevisiae (budding yeast) and Dictyostelium, In yeast they showed that CLC contributes to the trimerization of clathrin into triskelions and the disassembly of triskelions from membranes, conversely, in Dictyostelium, they showed that the light chain does not contribute to heavy chain stability or trimerization. This ultimately shows that CLC does not play the same function in all organisms. (O'Halloran et al, 2003).

CME is the most common route for the process generally known as receptor-mediated endocytosis, CME is the process where cells internalise molecules, the molecules which are to be taken into the cell bind to a receptor on the plasma membrane. These molecules are then invaginated into the cell by the plasma membrane and specific proteins coat the receptors and then are internalised into the cells and sent to specific areas within the cell. During this process pits are formed which are known as Clathrin Coated Pits (CCP).

Clathrin coated vesicles (CCV) also play a key part in CME, the CCV is packed with a wide range of transmembrane receptors and their ligands, cargo adaptors allow the packaging to occur. CCV's are also able to bud from different intracellular compartments; budding is enabled by use of a range of adaptor proteins. Therefore, in the cell there are various forms of CCV's.

Adaptors are important as they select the cargo which is included in the coated vesicles, for the processes that occur in the late secretory and endocytic pathways. Research has shown there are four adaptor proteins in this family (AP-1,AP-2,AP-3 and AP-4). AP-1 and AP-2 have an abundance of Clathrin in the cell. These adaptor proteins work in order to promote the assembly of Clathrin in vitro. AP-1 is found on the trans-Golgi network and endosomes, however, AP-2 is found at the plasma membrane (Rappoport et al,2006). AP-3 and AP-4 however are not enriched in Clathrin-coated vesicles, they have been shown to function independently of clathrin (Robinson,2004). It has been shown that both AP-3 and AP-4 are used in sorting processes.

Adaptor proteins vary in different organisms, veterbrates and plants have all 4 adaptor proteins whereas Drosophilia, Caenorhabiditis elegans and Saccharomyces cervisiae (Yeast) only have three (Lemmon et al, 2005). A recent review has stated that all four complexes did evolve early on but as a result of selective pressure they have been lost. Adaptor and accessory proteins are particularly important in CME, the accessory protein AP-2 coordinates clathrin nucleation at the plasma membrane whilst the others play assisting roles in the assembly of clathrin coated vesicles(Lundmark R, Carlsson SR, 2003; Yoshida et al, 2004; Peter et al, 2004).

Dynamin is an important protein in endocytosis; it is a 96kDa multidomain GTPase (Ramachandran et al, 2007). The exact role of dynamin is still unclear; however there are two proposed mechanisms on how it works in order to gain a deeper understanding. The first model is known as the Mechanochemical model, here GTP binds causing dynamin to assemble at the neck of invaginated coated pits causing constriction. Subsequent assembly stimulated by GTP hydrolysis causes a concerted conformational change generating the required force for membrane fission. The second proposed mechanism is the Regulatory mechanism; here dynamin functions as a regulatory GTPase (Hinshaw and Schmid, 1995; Warnock and Schmid, 1996; Schmid et al, 1999;) . The GTP bound dynamin controls a range of effectors which mediate vesicle formation. The self assembly activates an internal GAP domain (GED), this negatively regulates dynamins functions and also terminates dynamin-effector proteins. These two models have been supported by a series of experiments in Escherichia coli- expressed GED. This is used as a platform for mutagenesis, however, new insights into this model have since come forward, and it is now believed that there is a dual role for dynamin in endocytic CCV formation. Studies suggest that early endocytic process are controlled by unassembled dynamin, this is targeted to coated pits, here it can act as either a timer or a fidelity monitor, this early function of dynamin is dependent on the basal rate of GTP hydrolysis, it is negatively regulated by GED (Schmid and Pucadyil, 2008). During the later stages of CCV formation, dynamin assembles into a short, transient collar around the neck of deeply invaginated pits and causes membrane fission. Dynamin switches its role, from an assembled stage to an unassembled state, this assembly switch is very tightly regulated in order for successful endocytic events (Schmid et al,2009).

G Protein-coupled receptor (GPCR) endocytosis is another clathrin dependent mechanism of endocytosis. The protein �-arrestin is used in GPCR internalisation, this protein interacts with AP-2 and clathrin. GPCR's are split into two classes (Class A and Class B), this is dependent on their affinities for �-arrestins. For example �2-adrenergic and �-opioid are in class A as they form low affinity transient complexes, whereas angiotensin II type 1A and vasopressin 2 receptors are classed in class B as they have similar affinities for �-arrestin proteins and form high-affinity stable complexes. This leads to internalisation of the receptor-�-arrestin complex. A range of experiments have been performed to show that �-arrestin and AP-2 interact rather than clathrin as the essential targeting step which recruits GPCR's to coated pits (Laporte et al, 2000; Gaidarov et al,1999).

When CME is interrupted the uptake of cargo is not as efficient and sometimes ceases. As this pathway is blocked it is interesting to note that cargo is still able to enter the cell, therefore inferring that another pathway is present- one which is independent of Clathrin. Information regarding this pathway is not well understood as it is hard to experimentally prove that this pathway exists unless unperturbed cells are used. In addition, there are only a few endogenous, non-cargo proteins which associate with Clathrin independent endocytosis (CIE) that have been identified, due to the lack of information one cannot see how this relates directly to CIE.

The literature suggests that one of the CIE routes is known as the "Caveolae pathway." This pathway associates with the proteins Caveolin, there are three caveolin proteins in mammals, specifically found in certain areas, Caveolin-1 and 2 are generally found in non-muscle cells, whereas caveolin-3 is largely found in muscles .The protein Caveolin-1 is enriched with caveola, there is around 100-200 molecules per cavolae whereas Caveolin-2 does not appear necessary for calveolar formation, however it does play a key role in some structures (Pelkmans and Zerial, 2005).

Caveolae are a small (50-100nm) type of lipid raft which are found on the plasma membrane, they appear to be uncoated and flask shaped . It has been shown that overexpression of Caveolin-1 is sufficient to produce flask shaped invaginations; these are morphologically indistinguishable from caveolae in normal cells, therefore proving that caveolin-1 is important for the biogenesis of caveolar (Lipardi et al, 1998)(fig.5).The pits formed appear to undergo formation in the Golgi complex; it is in the Golgi complex where they acquire detergent insolubility and cholesterol association with caveolin-1. It has been shown that cholesterol depletion increases caveolin1 mobility and flattening of caveolae in the plasma membrane. However, despite these views, the role ofcaveolin1 in the functioning and the compostion of caveolae and associated proteins is still not well understood. The cavolae are thought to associate with cholesterol, glycolipids and GPI-anchored membrane proteins.

However, some similarities have been shown with CME in regards to proteins used in CIE (Rothberg et al, 1992). For example, similar protein components are used such as actin, dynamin, cortactin and epsin. This has led to the question, is there a common mechanism that is regulated differently within each pathway or cell type? Studies have recently shown, that some of the ligand/receptor complexes are able to be internalised through distinct uptake mechanisms. Initially in the caveolae pathway the vesicles pinch of from the plasma membrane, from here they can take one of two routes, they can deliver their contents to endosomes-like components or to the plasma membrane on the opposite side of polarised cells (Pelkmans and Zerial, 2005).

Another route of CIE is the CLIC/GEEC pathway, this pathway uses CLIC (Clathrin-Independent Carriers) and GEEC (GPI Enriched Endocytic compartments) in order for uptake (fig.6). This pathway relies on cellular signalling and activation via G Proteins. Studies have shown that endocytic structures co-localise with the protein GRAF-1. GRAF-1 is a protein which regulates the CLIC/GEEC pathway. The vesicles are internalised in this pathway with the help of the GRAF-1 protein (Lundmark et al, 2008).

The above routes of endocytosis are not the only types; other types include Phagocytosis, macropinocytosis and entosis. However for the purpose of this review they will not be looked at in detail.

Vesicle trafficking is a feature in all cells; it is the process of cargo transport between a range of organelles, the cell and its surroundings. Endocytosis is seen as a method of vesicle trafficking, after invagination at the plasma membrane, the vesicle is internalised and is moved to organelles such as the lysosome. Cargo and molecules which are required in other parts of the cell are then moved to where they are needed.

In order to see how the routes of endocytosis may fit into an evolutionary history of vesicle trafficking, it will be useful to study the routes of endocytosis and vesicle trafficking in a range of organisms. The organisms which will be the focus of this literature review are Dictyostelium, Saccharomyces Cerevisiae (yeast), trypanosomes, Caenorhabiditis elegans and mammals. Focussing on these organisms will enable us to see how endocytosis has developed, and we can also see the similarities and differences in their endocytic and trafficking processes in order to answer the initial question.
Methods
In order to search for appropriate scientific literature for this review, I used two scientific paper search engines. The first search engine which I used was" PubMed" (www.ncbi.nlm.nih.gov/pubmed/), this search engine was chosen due to usability and its clear layout. In addition, as information on" PubMed" is from a range of different scientific journals it allowed me to explore the scope of the topic and thus choose the best papers for the review. The second search engine I used was "Scirus" (http://www.scirus.com/), this was used in order to find any additional papers which were not included in my initial search on "PubMed." "Scirus" has a clear user interface which is helpful when trying to target a specific paper, although many of the articles on "Scirus" are also available on "PubMed." Therefore, for this literature review "PubMed" was the favoured search engine.

In order to find relevant papers I split the title into three corresponding sections which make up the title of the review, firstly, I searched for papers which described the routes of endocytosis and the proteins which are involved in endocytosis. My second section was looking into vesicle trafficking with an emphasis on endocytosis as the main mode of vesicle trafficking. The last section was looking at a range of organisms and to see how endocytosis differs within these organisms in order to gain an understanding of the evolutionary history of vesicle trafficking.

As the title is quite broad, keywords were required in order to gain specific papers which would be useful for the purposes of the review. The main keywords which were used in searching for papers were: "Endocytosis", "Vesicle Trafficking", "evolution", "dynamin", "Clathrin", "C.Elegans", "Yeast", "Actin", "mamamals/mammalian", "Trypanosome", "AP-2", "G-Proteins", "CLIC/GEEC" and "Dictyostelium".

These keywords alone each receive hundreds of results on "PubMed" or "Scirus," in order to resolve this problem the keywords were combined with each other in order to gain more specific results. For example, in searching for endocytosis in the organism C.Elegans, I typed "Endocytosis AND C.Elegans." This made sure that both of these specifics were included in the search. In some cases where I wanted to gain specific information I used the word "NOT" in between two search keywords in order to eliminate this term appearing in the search results. In addition, as the topic of this literature review has been researched quite intensely, I specified from which year I wanted the papers from, this enabled me to gain the most up to date literature for this review. In addition, where reviews were required, I typed "REVIEW "after my keywords. This enabled me to narrow down my search quite drastically. In addition, I found that putting keywords in brackets also enabled me to narrow down my search, when the word "OR" was placed in between, the amount of results I received also decreased.

"PubMed" and "Scirus" do not have an option to only choose primary papers, in order to find primary papers for this review I used a combination of the above keywords. From the results of the keywords, I read through the abstracts, where there was a clear hypothesis and clear methods stated for experiments I deduced that these where the original papers. By reading and analysing the papers results and methods I chose these papers as the original primary research papers for this review.
Results
Outcome of Search Strategies
Elucidation of Clathrin-Mediated Endocytosis in Tetrahymena Reveals an Evolutionary Convergent Recruitment of Dynamin.
Elde et al. (2005) PLoS Genet. 1(5): e52

This paper was chosen for the scope of the topic. Not only does this paper include reference to a key endocytic protein- dynamin, but it looks at the way this protein interacts in Tetrahymena which is an organism of particular interest. Tetrahymena is a ciliate (single celled organism), but has a number of pathways and subcellular structures which are usually seen in Metazoans (higher eukaryotic cells). This paper covers an array of topics which help us to gain a deeper understanding in the evolution of dynamin recruitment in Tetrahymena, this paper is one of the first to go into such depth.
Methods
Experiment 1: CME was visualised using the styryl dye FMI-43.As they did not know whether endocytic cargo molecules were present they were labelled with FMI-43. The cells were starved for two hours before the dye was applied this stoped phagosome formation. The dyed cells were then visualised over time.

Experiment 2: This dealt with the identification of adaptor proteins. AP-2 is widely used in Tetrahymena as it mediates the diverse membrane trafficking events involving clathrin in many eukaryotes. Four � paralogs encoding AP medium subunits have been identified (Boehm et al, 2001; Morgan et al, 2002). A phylogenic analysis of the � subunits was undertaken in a range of species (Tetrahymena, Metazoans, and Arabidopsis) and a topology produced. Once produced, the genome was observed and subunits where identified. The proteins APM1A,APM1B and APM2 were cloned and tagged in order to determine whether phylogenic classification of Tetrahymena subunits was consistent with sites of action.

Experiment 3: This dealt with recognising the specific role of dynamin in Tetrahymena as the genome contains a large number of dynamin related proteins (DRP's). The protein of interest used in this experiment was Drp1p. Heterkaryon strains which carried copies of Drp1 were also mated. The protein was tagged and visualised, it then underwent Southern Analysis , immunofluorescence was then used. The cells were placed in Cadmium and later removed and the FM1-43 uptake was observed and compared to wt cells. Allele disruption experiments were also undertaken.

Experiment 4: This experiment dealt with Drp1's relationship to the classical endocytic dynamin, here phylogenetic comparisons of dynamins and DRP's were carried out. The experiment also included seven additional DRP's in the Tetrahymena genome and nine from a second available ciliate genome.
Key Findings
Each experiment contributed good findings. Experiment one showed that after 20 minutes of being exposed to FM1-43 dye, the majority of the puncta appeared to have colocalised and accumulated in the cell posterior. By carrying out a kinetic analysis of the FM1-43 uptake, they showed that this resembled the expected pattern of an endocytic pathway originating from coated pits near basal bodies. This therefore suggests the existence of a localised endosomal compartment (fig.A).

The purpose of experiment 2 was to produce a tree which supported early diversification which was already identified. A tree was constructed in order to show the findings (fig.B). In experiment 3, after the proteins were mated, we saw that the progeny was unable to divide beyond 2 or 3 generations, showing that the gene was required for growth. In addition, after allele substitutions we saw that the dominant negative activity of the alleles confirmed an endocytic role for Drp1p. Experiment 4 showed that there was a strong relationship between DRP's and the classical endocytic protein dynamin. Instead of this relationship being a result of evolution, the results suggest that it was due to functional convergences within the protein family.
Conclusions
Overall, this paper provides a good insight into how the endocytic Dynamin protein is recruited in Tetrahymena, a good range of experiments have been carried out which provide substantial results. The paper has used many controls and repeats in order to gain its final conclusions which increases its reliability. Overall the paper reveals some unexpected relationships between endocytosis in animals and ciliates, which helps to gain a clearer understanding of the processes. In terms of evolution, there is a clear relationship between ciliates and animals and a vast amount of features are shared between the two.
Dynamics of clathrin and adaptor proteins during endocytosis
Rappoport et al, 2006, Am J Physiol Cell Physiol 291: C1072-C1081

This paper was chosen as it focusses on mammalian cells; in addition, it uses useful techniques in order to show the roles and the interactions of clathrin and adaptor proteins (AP's) during endocytosis. The main focus of the paper is on clathrin mediated endocytosis, which is the main process in many of the organisms being studied, thus it enables us to make clear comparisons. In addition, this paper expands on accepted data; this is useful as it allows us to see how the processes have changed due to advances in techniques. This paper not only focuses on clathrin and AP's but it also looks at epsins which are thought to have a key role in many processes within the endocytic cycle.(Benmerah et al, 1996; Benmerah et al, 1998; Ford et al,2002). This paper also aims to characterise the roles of clathrin at the cell surface, clathrin does not exist as a homogeneous population at the cell surface but it exists as spots, some are static spots others are laterally parallel or able to move into the cell. (Rappoport et al, 2004,2005; Schmid, 1997).
Methods
Experiment 1: Clathrin and AP-2 were evaluated by time lapse imaging. In order to locate the AP-2, an EGFP-tagged a-adaptin was used as a marker, this marker was localised and fluorescence imaging was then carried out in 30s imaging periods. The existence of clathrin spots was recorded. The spots that disappeared were also accounted for. To assess relationships between static spots and those undergoing endocytosis, clathrin and AP-2 were imaged over longer periods of time.

Experiment 2: This experiment aimed to characterise static clathrin spots over time. In order to characterise this, the dynamics of clathrin were analysed over longer periods of time. Time lapse imaging was carried out to see the changes that were occurring. A quantitative analysis was then repeated with a focus in the first 10 minute period. Spots were randomly selected and tracked. Static spots were tested in order to see whether the clathrin exchanges with cytosolic subunits. The static spots were then subjected to FRAP; photobleaching was then carried out followed by a recovery phase which was tracked over a second 10minute time lapse process.
Key Findings
Experiment one showed that clathrin and AP-2 were able to colocalise within the majority of spots at the cell surface. In addition, it showed that the fluorescent intensity of clathrin-DsRed and EGFP-a-adaptin within the static spots was equal. It also showed that in structures which are clathrin coated that internalise after 30s, the amount of AP-2 fluoresence is indistinguishable to background (23 spots from 3 cell, P=0.42). The paper puts these observations down to three key hypothesis: (1) The CCV's produce and internalise with no contribution from AP-2 (2) AP-2 negative CCV's are able to iteratively bud from AP-2 positive clathrin spots (CCP's) which are potential sites of cargo sorting (3) AP-2 is released from the nascent vesicle before internalisation.

The second experiment tested for relationships between the static and dynamic populations of clathrin spots through imaging for longer periods of time than usual. They found that the spots which were static for 30s were a heterogeneous population and a minority were static throughout a 30minute period (22%), most of the clathrin spots disappeared after 4minutes. The paper concludes that this may be down to an ageing process within clathrin where the newly synthesised spots are more efficacious in endocytosis. In addition, they showed that even static clathrin spots may be able to contribute to CME but in an undefined manner.
Conclusions
Overall, this paper provides us with a good background into the roles of clathrin and adaptor proteins within CME. The paper builds on previously known knowledge in mammalian cells and attempts to build upon this to gain a clearer understanding. This paper is quite detailed with good and clear findings which are largely supported by figures and numerical data in order to show the significance. The information gained from this paper allows us to make comparisons to other species and look at the roles that adaptor proteins and clathrin play. Therefore, this paper is significant in helping us answer the initial question.
The Mechanochemistry of Endocytosis
Liu et al, 2009; PLos Biol 7(9): e1000204

This paper focuses on studies in Saccharomyces cerevisiae (budding yeast) which is an organism of interest for this review. In addition, this paper also compares the roles of different proteins in endocytosis in both yeast and mammalian cells. This paper has clear aims; its overall aim is to identify/suggest a unified mechanism for endocytic vesicle formation across all eukaryotes. The paper looks at all of the processes form a mechanical point of view. This paper is the first which uses a model made from mathematical equations in order to prove their findings.
Methods
This paper has described a model with key steps in the endocytic model, they have then incorporated this model into a set of mathematical equations. These equations use many assumptions in order for them to calculate the events and qualify the proposed model. The equations are shown in figure C. Each of the six equations are used for different areas of the process.

In order to show endocytic dynamics in mammalian cells, time lapse imaging was used along with the results of the calculations. For example, snapshots were taken of the calculated endocytic membrane change. Also, they showed the difference between mammalian cells and yeast cells undergoing endocytosis using the same calculations.

In order to show that endocytosis is a precisely timed and ordered sequence of events, videos were captured which showed the endocytic process in both yeast and mammalian cells. These videos were taken over a period of 1 minute and snapshots where then taken in order to see the events taking place.

Using their knowledge of PIP2, the researches wanted to see how this affected membrane curvature and vesicle scission. They used their mathematical equations for the model and also undertook time lapse imaging in order to produce phase diagrams. The same method was also used in order to show that successful endocytosis is dependent on the feedback between local chemical reactions and membrane changes.
Key Findings
The paper firstly shows that mechanochemical feedback is critical for ensuring successful endocytosis in budding yeast. This was proven by the events of endocytosis fitting into the dynamics which were proposed by the model (fig.D). This was proven by the use of time-lapse imaging. In addition, they have shown their model to be correct for the endocytic process in budding yeast. They also found that there is a positive feedback loop which arises between membrane curvature and PIP2 hydrolysis; as a result there is rapid growth of the interfacial force which leads to vesicle scission.

In addition, using their calculations and their predicted model they also depicted CME in mammalian cells. They have also shown how proteins which are key to successful endocytic events work in this process. For example, they have shown that dynamins accumulation in the collar of coated pits prevents synaptojanin being recruited. Therefore, dynamin is protecting the PIP2 and in turn prevents the hydrolysis which gives rise to the initial interfacial force.
Conclusions
Overall, this paper is very useful in order to answer the question which was initially proposed in this literature review. Not only does it describe and show the events of endocytosis, it also looks at the proteins which are pivotal to the process and how these interact with one another. Many repeats and controls have been used in this experiment in order to show that their model works. By looking at yeast and mammals and using models and proven experimental data it allows us to gain a further understanding of the endocytic process across a range of eukaryotes. This paper does have some shortcomings, for example, the methods which they use are not always clear and this can lead to confusion at some points.
Spatial dynamics of receptor-mediated endocytic trafficking in budding yeast revealed by using fluorescent a-factor derivatives
Toshima et al, 2006, PNAS, vol 103, no.15, 5793-5798

This paper concentrates on clathrin and actin mediated endocytosis. The paper takes a new approach in order to prove their theories, they have synthesised a biologically active fluorescent mating pheromone derivative in order to show the pathways. This paper also concentrates on yeast which is a key species in order to gain a deeper understanding of the topic. This paper builds upon previous knowledge in order to give a much clearer image of the process which is occurring.
Methods
Firstly, the fluorescent a-factor derivatives were synthesised, the activity of these cells were around 25-50-fold less than their wt counterparts. These a-factors where then introduced into a range of cells and watched using time-lapse imaging and movies were also made of their progress within the cell over time. They concentrated on watching where these a-factors localised and the routes that were taken and noted down the time that it took. .

Ede1p was also observed, they compared the localization of Ede1-RFP and Sla1-GFP. In order to characterise them, they undertook time lapse imaging. They observed the videos and then treated the cells with 200�M Latrunculin A (Lat A), they then imaged these cells after treatment.

The endocytic vesicles were also examined, these were observed by using GFP-tagged actin binding proteins, and time lapse imaging was then undertaken. This was used in order to see how the vesicles interacted with the endosomes. Using distance measurements and times, speeds were also calculated to get a wider understanding of the dynamics and the time taken for the endocytic events to take place.

They also looked to see if actin cables mediated movement in early endosomes, in order to show this, they tagged Abp140p, this binds to F actin and localises to actin patches and cables, this was carried out by three copies of GFP. They then incubates a wild type cell in A594-a-factor at 37�C and then followed its trafficking.
Key Findings
This paper shows that the sites of receptor-mediated a-factor internalisation are the cortical actin patches, using the work of Chang et al, 2005 they proposed that a-factor may be internalised due to a pathway which is independent from the actin-dependent endocytic pathway.

They also observed that Ede1p forms patches that are then joined by A488-a-factor and endocytic sites actually formed before a-factor recruitment. After the cells were treated with LatA, this lead to complete disassembly of cortical actin, they showed that there was an accumulation of A594-a- factor (fig.E). This accumulation was time dependent and as a result a-factor was observed to be dispersed.

They also saw that 90% of Sla1p colocalized with the a-factor spots at 20mins. This shows that the a-factor first binds randomly to the receptors and the

receptor-ligand complex subsequently becomes associated with the endocytic machinery. From the experiments where GFP-tagged endocytic coat proteins and GFP-tagged actin binding proteins were used, they concluded that Ste2-GFP was mostly expressed at a steady state and was mostly seen in vacuoles and late endosomes. When A594-a-factor was used as an early endosomes marker with Sla1-GFP they observed that when the vesicles start moving they move towards the early endosomes. The data suggests that the endocytic vesicles which carry cargo for RME move in a similar manner as bulk-phase endocytosis. From carrying out a speed analysis on the endosomes, they found that Abp1p patches and endosomes interact with one another on/near the plasma membrane, this is indicative of endosomes compensating for the absence of any directed movement by endocytic vesicles.
Conclusions
This paper mainly focuses on the vesicle trafficking events which occur in budding yeast, this is something that is not featured on other papers. As a result, we can gain an insight into vesicle trafficking events, and this therefore gives us a greater scope in our understanding. A wide range of experiments were carried out, however, there are no mentions of repeats or statistical figures which would show us the reliability of the data. In addition, the a-factor derivatives were not as active as the wt cells, therefore the results which are gained may not be as accurate as they are in vivo. Nevertheless, this paper has explored a wide range of topics which will inevitably be helpful in the review.
Phylogeny of endocytic components yields insight into the process of nonendosymbiotic organelle evolution
Dacks et al, 2007; PNAS, vol105, no.2, 588-593

This paper was chosen as it is based on the evolution of organelles which take place in the process of endocytosis. It is one of the few papers to talk about LCEA (Last common eukaryotic ancestor). The paper aims to find ancestral patterns between the ranges of organelles that it is focussed on in a large range of organelles and it also looks at common endocytic proteins, thus giving it a greater scope than other papers. In addition, one of the main focuses of the paper is on membrane trafficking and endocytosis. The paper also looks at phylogenic data in order to draw coherent conclusions.
Methods
In order to gain an understanding about the evolution of the anterograde endocytic syntaxins (SynE), three organisms were studied - Mammals, Saccharomyces cerevisiae (budding yeast) and Arabidopsis thaliana. Using information from previous studies (Collins et al, 2002; Pelham, 2002; Rojo et al, 2003) about the three organisms they were able to carry out phylogenetic analysis experiments. They initially sampled the representative genomes from five eukaryotic supergroups, and removed any long branch sequences. Phylogenetic analysis was then carried out on seven functionally characterised SynE family members with known early endosomal/lysosomal locations.

In order to see how early endosomal Rabs evolved, they built upon exisiting knowledge in Typanosomes and yeast and identified the Rab proteins which are present. They sampled genomes from diverse taxa, these underwent phylogenetic analysis for identification and long branches were removed. The resulting dataset was then analysed.

In order to see how the � and ? subunits evolved the phylogeny of the �-subunit of all four AP complexes was analysed, taxon sampling was then expanded in order to represent eukaryotic diversity (C.Elegans, Drosphila melanogaster, Trypanosomes). The phylogeny of the large ? subunit was analysed to confirm that others diverged into four distinct complexes before LCEA. This was then followed by an analysis of a dataset of large ? subunits, this allowed identification and removal of long branch sequences.
Key Findings
From the experiment which was carried out in order to find out more about the evolution of the anterograde endocytic syntaxin, they found that SynE homologues resolve themselves in a linear formation, each contain syntaxins which are associated with the early and late stages of endocytosis. They deduced that the way that syntaxins are now arranged is a result of multiple endocytic syntaxins, these provide some functionality for the degradative and recycling pathways, this may be down to gene duplications which occurred subsequent to the LCEA. They also found that syntaxin paralogues are derived from a common ancesteral gene, these have evolved to function and localise at separate stages of endocytosis.

From the study of the evolution of early endosomal Rab's, they were able to gain more information to that already known. It has been shown from previous studies that the LCEA in trypanosomes, yeast and mammals are derived from a single Rab5 gene which was then duplicated into the lineages. However, the authors have shown that there were distinct genes already present earlier on in eukaryotic evolution and before LCEA.

In the study relating to the evolution of � and ? subunits of AP complexes, it was shown that the four AP complexes each formed separate clades which encompass the diversity of eukaryotes; this showed that the duplications giving rise to AP complexes preceded the LCEA. Phylogenetic analysis showed lineage-specific duplications. Overall, the data suggests that in the LCEA, AP-1 and AP-2, a common �-subunit was shared; this is in lieu of all the other subunits being fully differentiated in regards to the remaining subunits of each of the complexes.
Conclusions
Overall, this paper is very helpful, the data is clearly shown and repeats have been undertaken and statistical figures have been added which adds to the reliability of the results and the paper. The paper concentrates on three topics which are useful alone, however, when the information is pieced together we can gain a greater understanding of the evolution of the process of endocytosis and the nonendosymbiotic organelles.
In vivo dynamics of clathrin and its adaptor-dependent recruitment to the actin-based endocytic machinery in yeast
Newpher et al, 2005; Developmental Cell, Vol9, 87-98

This paper shows the relationship between clathrin and adaptor proteins and the roles that they play in yeast. The paper aims to discover a more specific role for each protein; this therefore gives us a better understanding of the roles of each protein. In addition, it looks to fill in any gaps which there currently are in this particular area. For example, in endocytosis, CME is a widely used pathway, but in yeast cortical actin patches are known to be important, however plasma membrane associated clathrin has never been observed. This paper aims to show how such interactions work.
Methods
In order to see why clathrin accumulated at the cortex in the absence of Sla2p even in the presence of LAT-A, the cells were initially treated with LAT-A and observed. LAT-A is used to treat cells and this causes them to become immobile. After this was carried out, time lapse movies were created, this helped examine the dynamics in the wild type compared to Sla2 or LAT-A treated cells. Finally, FLIP (fluorescence loss in photobleaching) was performed on the Sla2 cells in order to see whether immobilized cortical clathrin patches were still actively exchanging triskelions.

In order to see the relationship between the accumulation of clathrin at the cortex in some but not all endocytic mutants, GFP-LC was expressed and time lapse imaging was then used in order to show the pathway.

Endocytic cargo is known to accumulate in arrested cortical clathrin patches, in order to show this, they imaged cells expressing HC-mRFP ans Ste2p-GFP. The cells were then treated with a-factor for two minutes, endocytosis was then stopped after this by using LAT-A.

In order to show how the recruitment of cortical recruitment in clathrin by endocytic adaptors was useful, they carried out experiments with the yeast cells. Cells were initially chosen as those which were expressing HC-mRFP and GFP fusions to Ent1p and Ent2p. Genetic screening was then carried out. Cells were then treated by LAT-A and visualised using time lapse imaging.
Key Findings
From the experiments regarding clathrin accumulation at the cortex in the absence of Sla2p and with LAT-A, they showed that 62% of the patches were quite intense and concluded that the accumulation of clathrin in the cortical region is not the result of mislocalisation of the TGN cargo to the plasma membrane. By carrying out these experiments including FLIP, they showed that clathrin patches accumulate at cortical areas and the presence of Sla2p is not a requirement for normal dynamics- this is very similar to other endocytic factors. Conversely, they showed that cortical clathrin was able to actively exchange with an internal pool of triskelions, even if there is no pinching off occurring.

For the experiment regarding clathrin accumulation at the cortex in only some endocytic mutants, they showed that the accumulation of cortical clathrin was not due to a block in endocytosis. It was however specific to the function of a subset of endocytic components and due to the polymerization of the actin cytoskeleton.

For the experiment regarding cortical recruitment of clathrin by endocytic adaptors, they showed that from the experiments only a small amount of cortical clathrin was detected independent of each protein, which suggested that there are many classes of endocytic/cortical patch complexes. In addition, they showed clathrin was still able to be recruited even in the absence of the adaptors. After the cells were treated with LAT-A, it was seen that cells were able to accumulate strong cortical clathrin.
Conclusions
In summary, this paper gives the reader a good insight into the dynamics of clathrin and how it interacts with proteins and adaptors. A wide range of experiments have been carried out, however, the paper does not state whether repeats have been carried out so the results may be somewhat subjective and not as reliable. Nevertheless, the paper gives us a good idea on how proteins and clathrin interact in yeast during endocytosis, which allows us to compare the actions of it here and compare it to other organisms.
Discussion
Through thorough analysis of the papers one is able to see a relationship emerging between endocytic routes and vesicle trafficking in a range of organisms. There have been many different methods which have been utilised in order to assess these relationships. Some of these methods have been quite pioneering (Liu et al, 2009), others build on existing knowledge (Rappoport et al, 2006) and a few have been quite controversial (Morgan et al, 2003). Nevertheless, all of the above combined have given us a great insight into the process which are occurring.

Possible endocytic pathways were investigated in a wide range of organisms eg. C.Elegans (Kaksonen et al, 2005), Yeast(Newpher et al, 2005), Trypansomes (Hall et al, 2004) and Dictyostelium (Wang et al, 2003) in order to determine an evolutionary relationship in regards to endocytic organelles. Phylogenetic analysis was also a key procedure which was used in a range of papers (Dacks et al, 2007; Elde et al, 2005, Elde et al, 2007), not only does this show us the organisms which are closely related it suggests that a lot of the organisms were once if not still closely related. This method has appeared many times, thus one can use this information, assuming all things being equal, that this is the correct and universal stance on the matter. These papers showed that at one point adaptor proteins were closely related and as a result of evolution and selective pressure they are no longer as closely related. This is useful information, as it showed that the methods of endocytosis have since changed as a result of selective pressures, one can come to this conclusion by analysing the specific roles of the adaptor proteins in the endoytic events. Ultimately, this therefore enables one to draw clearer conclusions and connections between endocytic routes and the evolutionary history of vesicle trafficking.

Proteins are key to the endocytic process functioning correctly (e.g. Dynamin and Adaptor proteins), these proteins have been characterised and shown to be pivotal to correctly co-ordinated endocytic events. Through research, it has been seen that dynamin is a key protein which is used in endocytosis in many organisms. Dynamin's have been shown to have a range of functions for example vesicle fission, and in endocytic systems there are many dynamin like proteins (DLP's). In a recent paper (Morgan et al, 2003), it was shown that dynamin may not have a universal roles in all organisms. This paper was focused on Trypasosomes, and they showed that DLP's were not required for endocytosis, however they were required for the regulation of mitochondrial division. They also showed that Trypanosomes functioned more effectively in the absence of DLP's. This research was quite controversial, as many had assumed that the role of dynamin and DLP's was akin depending on the organism. This paper was the first to show that dynamins may have a different function to the accepted one. Conversely, further research undertaken (Dacks et al, 2007), showed that dynamin and DLP's may indeed have a varied function in a range of organisms, but this may be due to evolution.

From analysing a range of papers we are able to see that there is some evidence of endocytic routes fitting into an evolutionary history of vesicle trafficking. This area of endocytosis has recently been researched quite intensely. However, the relationships between some proteins in some organisms is not as straightforward as previously thought, we are able to see their individual functions. In some areas, crucial information is missing such as the specific protein interactions and without this information it is very difficult to gain a coherent relationship/answer. In addition, there is a lot of contradictory (Lundmark et al, 2008 and Newpher et al, 2006) and controversial research which has been undertaken; this further clouds whether there is a relationship.

The vast majority of the papers studied show that the main route of endocytosis undertaken by the organisms studied (Yeast, Trypansomes, C.Elegans, mammals, Tetrahymena, Dictyostelium) undertakes CME, however there is some variations depending on the conditions. Some of the organisms which have been studied have been shown to undertake more than one endocytic pathways. This was extremely evident in Saccharomyces cervisiae, by altering conditions, Toshima et al, 2005 and Semerdjeieva et al, 2008 showed that yeast was able to undertake both CME and CIE. This shows that the pathways that the organisms take are not strict and depending on prevailing conditions will ultimately determine which pathway they will take.

Nevertheless, we are able to make a slight relationship from the information gathered and as a result of this we can come to the conclusion that there is a relationship emerging, but the way the processes and proteins work/co-ordinate is dependent on the route of endocytosis taken and the specific protein interactions within the process. There are gaps in the literature for example, some of the pathways have not been fully characterised this is evident from the information regarding pathways in CIE (Parton and Kirkham, 2005), the roles of some of the non-cargo proteins have not been thoroughly discussed. There is also a fair amount of repetition in the research, this however can be seen as a positive factor as it shows that these processes are actually occurring, one can then use this information as the accepted pathway. However, this can also be seen in a negative way as this information gained can only be used in a limited way and full relationships cannot be seen. Only when the scientific techniques and experimental procedures have been further developed will we be able to see key relationships emerging. It is very difficult to give a straight "yes" or "no" answer as some processes have proven to be unique, this further complicates matters and does not allow us to come to a firm conclusion.

From the evidence, I believe that the different routes of endocytosis can fit into an evolutionary history of vesicle trafficking, but the extent to which they fit is firstly dependent on the organism and secondly the route of endocytosis taken.
Suggestions for Further Study
In order to gain a deeper understanding of whether there is a relationship between endocytic routes and the evolution of vesicle trafficking, we can carry out an experiment which focuses on clathrin in CCV's. This experiment aims to identify proteins in clathrin which play a role in CME. By using CCV preps and proteomic techniques (e.g. NMR analysis) we are able to characterise the proteins and are able to see how these differ across a range of organisms (e.g. Trypanosomes, C.Elegans, Yeast, dictyostelium, mammalian cells). This will increase our knowledge and understanding of CME in vesicle trafficking and it will allow us to make more coherent conclusions in regards to the evolutionary history of vesicle trafficking.
Protocol
In order to gain the CCV's a source of cells is required; this can come from brain or liver cells of the organism in question. The cells are washed and a buffer added e.g. HKM. The tissue is homogenised and spun at around 6000 r.p.m, the resulting supernatent is spun using ultracentrifugation techniques. After around an hour, the pellet is resuspended in buffer. This pellet is homogenised, buffer and sucrose are added and the whole mixture spun. The dilute supernatant is spun in a centrifuge and the pellet is resuspended in buffer. After a further round of homogenising, the mixture is spun at high speed (13000rpm) for around 10 minutes. The resulting supernatant is layered on a cushion of sucrose (8%), D2O and HKM are added, this is spun in a swing out rotor for 2 hours at 80,000gmax. The pellet is resuspended in HKM, and the yield will be at a concentration of around 2mg/ml. The fractions are then ready for use. The resulting fractions can then be treated with Trypsin and tagged with a marker such a iTRAQ, this binds to free amines. Labelled peptides can also be added to the sample. The resulting solution is then placed into a NMR machine, and this will give us information in regards to the protein masses in the solution. The identities of proteins can then be found using known protein sizes.

In order for this experiment to be successful, repeats need to be undertaken e.g. two identical fractions for each organism; there should also be a control plate which remains untreated, and one that has been treated per organism. This will allow us to see how each organism matches up, the repeats will be useful as one cannot get an exact concentration of clathrin in a fraction, and if there was no repeat then the results may be slightly unreliable.

(CCV prep adapted from www.endocytosis.org/techniques/ccvprep.htm)
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