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VCE BIOLOGY 2006–2014
Introduction

Contemporary studies in biology require students to develop an understanding of signal transduction. Students should also be encouraged to consider the future possibilities of research, breakthroughs and any associated community, social or ethical issues.

To assist teachers to implement the VCE Biology Study Design 2006–2014, the following expert paper has been prepared and is of relevance to Units 3 and 4. The paper provides up-to-date information and explanation of important terms and concepts.

Signalling molecules, signal transduction and its application in 
coordination and regulation
Stewart Jackel
Historically, Units 3 and 4 of VCE Biology required students to understand the distinction between neuronal and hormonal transmission. The systems differ, but in many ways they are also similar: they both involve the movement of molecules or ions – across cell membranes, across synapses and through the blood to ‘target’ cell membranes. In both systems a signal outside a cell triggers a positive or negative response inside. Missing from the (curriculum) equation was the intervening step – the movement of the signal across the cell membrane, signal transduction (Latin, trans, across; duco, I lead): the process by which an organism converts an extracellular signal to a response.

Definition

Signal transduction involves the conversion by a cell of an external stimulus to one or more internal events by a sequence of processes that take place in the cell plasma membrane.
Signal transduction can be recognised as three steps: reception, transduction, induction.

· Reception – the binding of the signal molecule (e.g. a hormone) to its specific receptor.
· Transduction – the second messenger is formed in or released into the cytosol (the second messenger amplifies the stimulus and initiates the cell’s response).
· Induction – activation of the cellular process.


Signal transduction involves gated (protein) channels in the cell’s plasma membrane, the nature of which depends on the genes that control their production. The genetic code therefore controls, for example, the cell’s response to hormones, growth factors, cytokines, and neurotransmitters, the ability to perceive odours, the immune response, the response of slime moulds to cyclic adenosine monophosphate (cAMP) and the mating response in yeasts (among others).
This means that a change in the genetic code that results in the change in a plasma membrane protein may cause a signal transduction process change. This, in turn, may result in a disorder, for example diabetes, cystic fibrosis, cancers and inflammatory diseases.
Plant hormones
Phytohormones are responsible for integrating many aspects of plant growth and development. They control how fast and in what direction an organ grows. And in many cases they determine the point at which it will die. Phytohormones are the signals that integrate external environmental inputs with internal developmental processes and translate them into appropriate responses.
Plants have many ways in which to regulate hormonal responses. Regulation can occur at the level of synthesis, transport and uptake of the hormone. Regulation can also occur at the level of perception or signal transduction.
Hormone sensitivity can, in turn, be regulated in space and time. For example, during organ abscission in a leaf, adjacent cells respond differentially to hormonal signals because of the way signal transduction is controlled.
In 1864, it was discovered that gas leaks from street lights led to stunting of growth, twisting of plants, and abnormal thickening of stems (the triple response). The active agent was eventually demonstrated to be ethylene. This triggered research that led to the idea that the biosynthesis of the hormone can be induced by ethylene itself, auxin and cytokinin and is inhibited by abscisic acid (ABA). As well, environmental cues – for example, flooding, drought, chilling, wounding, and pathogen attack – can induce its biosynthesis.
In most cases signal perception occurs either on the surface of the plasma membrane (e.g. receptors for peptide growth factors) or in the nucleus (e.g. receptors for steroid hormones). But in plants, the system for ethylene is surprisingly different. It involves the endoplasmic reticulum.

Ethylene

Ethylene (C2H4), is a phytohormone that is involved in a number of plants stress responses and developmental processes, including ripening.
Studies of the genetics of Arabidopsis (a small flowering plant related to cabbages and radishes) have revealed many of the genes in the ethylene signal transduction pathway. Isolation of two of these genes suggests that plants sense ethylene through proteins that are similar to prokaryotic and eukaryotic signalling proteins. The research suggests that ethylene is recognised at the endoplasmic reticulum and that protein complexes mediate the initial steps in ethylene signal transduction.

The endoplasmic reticulum (ER) is the multi-functional site of, for example, calcium homeostasis, protein biosynthesis and modification, lipid metabolism and stress responses. Ethylene may regulate these activities.
As well, the ER is essentially a network that contacts almost all other organelles of the cell. Thus the ER seems to function as a series of pathways to integrate a variety of signalling pathways and communication between various organelles within the cell.

Amplification of the initial ethylene signal is likely to play a significant role in signal transduction. The genetics of several mechanisms of the amplification – that control the cell’s response to ethylene – are now well understood. It is known that signal output from the pathway is controlled, at least partly, by changes in gene expression. The breadth of these changes is now becoming clear through expression analysis using micro-arrays.

An important feature of the ethylene signalling pathway is that it contains both positive and negative regulators, some proteins thereby serving to induce the responses while others suppress them.

Interactions among proteins are limited by diffusion and concentration of the substances concerned. These interactions can slow down the rate of information transfer in a signal transduction pathway from one part to the next. One way to circumvent this limitation is to assemble the proteins into complexes, in which two or more of the proteins involved in signal transduction are physically associated. Ethylene seems to be a critical trigger hormone in several of these cascades.
Abscisic acid (ABA) and guard cells

The operation of guard cells in the epidermis of plants is influenced by many factors including light and water availability. In drought conditions plants synthesise the phytohormone (or plant hormone or plant growth substance) abscisic acid (ABA), that triggers the closing of stomata.
ABA triggers an increase in the concentration of calcium ions (Ca2+) in the cytosol. Increased concentration of Ca2+ in the cytosol activates two channels that transport two types of anion channels: the slow-activating but sustained S-type, and the rapid-activating but transient R-type. Both control anion release from the guard cells causing depolarisation. The change in membrane potential deactivates the inward-K+ channels and activates the outward-K+ channels so there is a net loss of the potassium ion, K+, from the guard cells. As well, ABA affects the pH of the cytosol thus further enhancing K+ loss. These effects cause the loss of guard cell turgor so that the guard cells close.



Historical perspective
A paper published in 1979 Korman et al. reported on the relationship between the degree of chemotactic activity in Escherichia coli and amount of galactose-, glucose-, maltose- and ribose-binding proteins in its cells. They concluded that the response of the bacterial flagella was proportional to the amount of a specific receptor on its cell surface. At the same time, research into cancerous cells discussed the operation of kinases – enzymes that phosphorylate other proteins and amino acid residues, such as tyrosines. It was observed that, in some cases, the action of kinases correlated with cancerous cell transformation.
In 1986 the concept of a molecular cascade or linear signal transduction pathway that was linked to disease was published. It is now known that the end products of signal transduction pathways are often transcription factors that act on DNA and affect gene expression.
It was then discovered that multiple linear pathways operate in networks. It was shown, for example, that the cyclic AMP (cAMP) pathway – a second messenger that can transmit a signal across a cell membrane – could repress a pathway and interfere with the cancer transformation of some cells.

Apoptosis

Cell death (or suicide) is a normal part of embryonic development. It also functions in the maintenance of tissues and in a cell’s response to environmental factors such as ultraviolet light.

Our understanding of signal transduction and apoptosis is an intense area of research. Signal transduction networks and apoptosis underpin much research in drug therapies.

It is now known that apoptosis is involved in some cancers. The suppression of normal apoptosis can give rise to diseases such as Alzheimer’s, Parkinson’s, transplant rejection, autoimmune disorders, AIDS, and Hodgkin’s lymphoma.

Apoptosis begins when an external stimulus reaches the cell membrane and starts a cascade of reactions involving enzymes inside the cell. The reactions generally include phosphorylation of proteins as mediators of downstream processes. The phosphorylate proteins control events in the nucleus.

The positive and negative signal transduction pathways act as interconnected networks of interacting molecules that control biomolecular pathways. Almost all known diseases exhibit dysfunctional aspects in such networks. (1)
Cancers
Cancer are often diseases that arise from the mis-regulation of signal transduction.

Cancer cells grow when they should not and do not die (by apoptosis) when they should. The fundamental reason for this is that, often, cancer cells have mutated versions of oncogenes and tumour suppressor genes. These molecules, derived from mutations, are often components of the signalling pathways that regulate cell processes such as growth, survival and movement. Some of the most promising new treatments for cancers are drugs that target specific signal transduction molecules.
Homeostasis

Calcium ions are important in both plants and animals and the homeostatic control of calcium ions in mammals is critical to normal cell functioning. 

Calcium signalling is important in the signal transduction system of the cell because the system is involved in a wide range of physiological functions and the processes associated with gene expression. These include cell division, growth and apoptosis, and cell differentiation and morphogenesis. Calcium ion signal transduction processes are important in cell adhesion and motility because the integrity of the calcium binding proteins is a basic requirement of normal cell function. Disturbances of calcium signalling is now regarded as the trigger event in the pathogenesis, growth, invasion and secondary spread of cancers.
Calcium control is one example of the many homeostatic mechanisms that involve negative feedback loops in animals. All of the hormone-control systems in humans involve a specific hormone targeting a specific cell type because the target cell possesses the receptors that initiate the appropriate signal transduction pathway.
Diabetes

A team of researchers in London and Canada recently found four genes that are linked to the risk of diabetes. They scanned 400 000 mutations and found one that could explain the cause of Type II diabetes. One of the genes, SLC30A8, is a gene in humans that codes for a zinc transport system involved in insulin secretion. Alleles of SLC30A8 may be responsible for many cases of Type II diabetes. (2), (3)
In summary

The health of an organism, depends on how its cells respond to the stimuli that confront them. Most cellular stimuli are either hormones or neurotransmitters that bind to specific cell surface receptor proteins. G protein-coupled receptors (GPCRs) are the largest superfamily of all receptors (approximately 2% of the human genome) and are the targets for nearly half of all currently used therapeutic drugs. This is a huge area of current (and future) research, particularly in the genetic processes that involve therapeutic drugs.
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Generalised model of a signal transduction pathway (across a plant cell boundary)
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The movement of abscisic acid controls Ca2+ and K+ concentrations and therefore stomatal closure.
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