Unit I: Cellular Communication
Brief Overview Reading: Chapter 2,3, & 5

Note: Yes three chapters is a lot. This reading will be discussed throughout this unit. We will focus discussion on different sections on different days. Briefly reading through all of the material now means that when you get to it as ‘focused’ reading it is not completely foreign.

      Living beings can be composed of a single cell (e.g. bacteria, cyanobacteria and protists such as Paramecium and Chlamydomonas) or many cells -- the latter are called multicellular organisms. The human being is an example of a multicellular organism about which much is known.  Estimates place the number of cells in the human body at 70 trillion. (If you counted these cells at a rate of one cell per second, it would take you over 2 million years to count every cell in the human body.)  With a few exceptions (e.g. the red blood cells) each of these individual cells is a living entity with its own complete set of genes and life maintenance equipment. Each of these cells maintains its own existence, and also makes a vital contribution to the life of the multicellular organism. 

     In order for multicellular organisms to function properly, their cells must communicate. For instance, your muscles must contract only when your brain sends a message to contract and not any other time. Your salivary glands must secrete a lot of saliva when there is food in your mouth and only a little saliva at other times. Your heart rate must increase when you exercise, but not when you sleep. Unit I focuses on how cells communicate with one another in order to coordinate their functions. While we will focus most closely on cellular communication in multicellular creatures, you should keep in mind that communication is very important to unicellular creatures as well. For instance, they must swim toward nutrition or sunlight if they are photosynthetic and must be able to sense when conditions are right to reproduce (we will see this in the lab). 

     In this unit, we will consider four examples of cellular communication. Each system uses a slightly different communication system, and taken together, these four systems represent most of the communication systems we understand so far.

System #1: The Production of Glucose (sugar) by the Liver 


       During Stress

     Glucose is the primary sugar used by biological creatures for fuel. Humans, like other creatures, burn (oxidize) glucose to carbon dioxide and water and use the energy released by this process to perform life's many functions. To ensure that cells have enough glucose to burn (and, therefore, enough energy) the body maintains a constant supply of glucose in the blood at a level of about 100 mg of glucose per 100 mL of blood.   

     However, when we are scared or under stress, our bodies respond by increasing the blood glucose level to ensure that we have enough fuel to fight or flee from what is scaring us. This extra glucose comes from the liver. During meals, glucose enters the body and the liver takes it out of the blood and stores it for later use. To put glucose in storage, the liver hooks many glucose molecules together (polymerizes them) to form a large storage molecule called glycogen. Then, when glucose is needed later (either because you haven't eaten for a while or because you are scared), these big glucose polymers will be broken down into individual glucose molecules, and the glucose will be dumped into the blood to provide fuel for all of the cells of the body.

Focused Reading: 
p 34-36 "Macromolecules: Giant polymers" stop at "Proteins:.."




p 43-46 “Carbohydrates…” stop at end of page

Focused WWWebreading:
Purves6e, Chapter 3, Tutorial 3.1 (Carbohydrate section)





Study Questions:


1. 
What is glucose used for in biological creatures?  What is glycogen used for?  What is the relationship between glucose and glycogen?

2.
What is a polymer? What is a monomer?  Is glucose a polymer or monomer?  What is glycogen?  Explain. What is a monosaccharide?  A disaccharide?  A polysaccharide?

3.
Be able to recognize a monosaccharide and polysaccharide when you see one drawn. (You do not have to be able to draw these molecules yourself.)

4.
Glucose molecules are joined to form glycogen by a process called dehydration synthesis (or condensation synthesis). Glycogen is broken down to form glucose by the process of hydrolysis. "Hydro-" means water. What does water have to do with these two processes?  Be able to illustrate both of these reactions including the breaking or forming of bonds and the involvement of water in the process.

5.
Starch (made by plants) and glycogen (made by animals) are formed by joining glucose monomers by alpha glycosidic linkages while cellulose (made by plants) is made by joining glucose monomers by beta glycosidic linkages. What are the differences chemically, and what practical significance does this have in your own life?

---------------------------------------------------------------------------------------------------------------------

     During a meal, glucose molecules are joined together to form the polymer glycogen in the liver. This process is called glycogenesis. (The "genesis" or creation of glycogen.) An enzyme catalyzes the formation of each alpha glycosidic bond between each glucose molecule. This enzyme is called glycogen synthase. The following reading assignment is about the action of enzymes. In addition, because enzymes are proteins, this reading assignment also includes an explanation of proteins and protein structure. Also, in order to understand how proteins fold, you will need to understand about hydrophobic and hydrophilic groups. 

Focused Reading: 
p 20-25  "Chemical bonds..." stop at “Chemical reactions...”




p 36-42   “Proteins: Polymers of amino acids" stop at  "Carbohydrates”




p 102-112  “Enzymes: ” stop at end of chapter

     Glycogen synthase, then, lowers the activation energy barrier and allows glucose molecules to be joined together to form glycogen at a reasonable rate at normal body temperatures. All chemical reactions in living things that involve the breaking or forming of a covalent bond are catalyzed by enzymes. The rate at which enzymes perform their functions can be increased or decreased by allosteric or covalent modulators. Thus, the rate at which glycogen is synthesized could be increased if the cell increased the rate at which glycogen synthase catalyzes the reaction.

     The enzyme that breaks down glycogen to glucose is glycogen phosphorylase. The breakdown of glycogen to glucose is called glycogenolysis. (The "lysis" or degradation of glycogen.) The rate of this enzyme can also be controlled. Therefore, the cell can increase or decrease the rate at which glycogen is broken down simply by increasing or decreasing the catalytic rate of glycogen phosphorylase.

[image: image1.wmf]     Glycogen synthase and phosphorylase are turned on and off by the process of covalent modulation. This process is like allosteric modulation or regulation (described on page 136 in your text), except that it depends on the process of phosphorylation. Phosphorylation is the covalent addition of a phosphate group to an enzyme by dehydration synthesis. Phosphate groups look like ( 

and "R"  is used to indicate the rest of the molecule. “R” can be anything from a simple hydrogen to an enormous protein. 

     In proteins, phosphate groups are added onto the side chains (added onto an –OH group) of certain amino acid residues by standard dehydration synthesis (also called a ‘condensation reaction’ See p35 fig3.2a) . After a phosphate is added by a covalent bond, the protein is said to be phosphorylated. (By looking on page 37 in your text, can you figure out which three amino acids are the only ones that can be phosphorylated? Hint: Which three have an –OH in the side chain?) 
     Phosphorylation can either turn an enzyme on (increase its catalytic rate) or turn an enzyme off (decrease its rate.)  Regardless of the direction of its action, phosphorylation is a kind of switch or signal that changes the rate of an enzyme's activity. This is not allosteric modulation which uses weak bonds to regulate the enzyme.

     When you are scared, your liver slows the rate of glycogen synthesis and increases the rate of glycogen breakdown. Fear causes the phosphorylation of liver enzymes. In this example, phosphorylation inactivates glycogen synthase and activates glycogen phosphorylase. Therefore, when these two enzymes are phosphorylated by the cell, the rate of glycogen breakdown increases and the rate of synthesis decreases. When these two enzymes are dephosphorylated (phosphate is removed) by the cell (this happens when you get calm again), the rate of glycogen synthesis increases and the rate of degradation decreases.

Study Questions:
1.
What two enzymes are responsible for synthesizing and breaking down glycogen in the liver?  How is the rate of each enzyme controlled?

2.
What is glycogenesis?  What is glycogenolysis?

3.
Draw a phosphate group and demonstrate how it is added to a protein during the process of phosphorylation.

4.
Be able to recognize an amino acid and show how it is joined together by a peptide bond to form a dipeptide and finally a protein. 

5.
Proteins have many functions in living things. List as many of these functions as you can.

6.
The many different functions of proteins are possible because these molecules can take many different shapes. Explain, in chemical terms, how proteins form their three-dimensional shapes. 

7.
Two proteins with different shapes will have different functions and different amino acid sequences. Explain how changing the amino acid sequence of a protein can change its function.

8.
What is activation energy?  

9.
How do enzymes work?  What do they do to cause reactions to proceed?  What don't they do; that is, what are the limitations of enzymatic catalysis?

10.
Explain in chemical terms how enzymes can be specific for their substrates. What are the biological consequences of enzyme specificity?  What would the consequences be if enzymes were less specific or not specific at all?

11.    Explain the catalytic cycle  (E + S --> ES --> P + E). Using this explanation as background, explain how each of the following events would increase the rate of an enzyme catalyzed reaction:




A. increasing the concentration of substrate




B. increasing the affinity of the enzyme for its substrate




C. increasing the temperature




D. increasing the inherent catalytic rate of the enzyme

12. Using a scenario from the social sciences, humanities, fine arts or your everyday life, describe a situation that is analogous to the catalytic cycle. Your model is a good one if you can answer questions A-D above using this model.

13. How are enzymes turned on and off by allosteric modulation?

14. The first lab unit explores the effect of environmental conditions on the rate of an enzymatic reaction. Write out the reaction we’ll be following using the ‘E + S --> ES --> P + E’ format. What is the enzyme in the reaction?

15. Give an example not covered in class of a system in which the control of the rate of an enzyme is important for the proper function of a biological system. (The enzyme system need not be explained in detail. Assume enzymes catalyze all chemical reactions that break and form covalent bonds. Use your own experience as a guide and use your imagination.)

---------------------------------------------------------------------------------------------------------------------

     We now know how the liver will be able to increase the supply of glucose to the blood, but we are missing some very important elements of the system. How does the liver "know" that the body is under stress?  It is sitting quietly in your abdomen -- it can't see or hear. It has to be "told" that stress is occurring. The systems which carry this kind of information to body cells are the integrating and controlling systems of the multicellular creature, the nervous system and the endocrine system (hormones). 

     In this case, the endocrine system plays a major role in "informing" the liver that the body is under stress and, therefore, needs more glucose. The endocrine system is a system of glands in the body that secrete hormones. A hormone is a messenger molecule that is made and secreted (released into the blood) by an endocrine gland and the hormone travels in the blood to a target organ. It binds to the cells of the target organ and causes some change to occur. Examples of hormones are insulin (lowers the blood sugar level among other things -- its absence causes diabetes mellitus), growth hormone (stimulates growth -- its absence causes dwarfism), thyroid hormone (increases metabolic rate -- low levels cause coldness, weight gain and lethargy.)

Brief Overview Reading: 
Chapter 41

Focused Reading: 

p 712-713  “Animal hormones” stop at "Some hormones act…”

     In the case we are currently considering, the hormone mediating the response of the liver to fear is epinephrine (also called adrenaline). This hormone is made and secreted by the adrenal gland in response to stress. When something stressful happens (e.g. your boss yells at you, you are in a car accident, you have to give a speech), the information about this event enters your brain through your sense organs (you hear, see, touch, smell and/or feel the stressful event.)  Your brain interprets this event as stressful, using memory and some genetic responses (such as aversion to pain), and your brain then sends a message, via a nerve, to the adrenal gland. 

     [Note:  Interpretation of the event as stressful is an important step in this process. Some things are always stressful (pain, cold, dehydration, severe hunger, etc.) while other things have to be interpreted as stressful, (e.g. social situations, threatening words or gestures, pressure to succeed, etc.)  One way to reduce the physiological response to stress (which may be related to such diseases as high blood pressure and cancer) is to stop interpreting things as stressful. Unfortunately, this is not very easy.]

     The nerve impulse from the brain reaches the adrenal gland and causes cells to secrete epinephrine. (The interaction between the nerve and the cells of the adrenal gland is itself an example of intercellular communication. We will deal with signaling by the nervous system later.)  Epinephrine enters the blood and goes everywhere -- to all the cells in the body.  

     Even though epinephrine goes everywhere, it does not affect every cell of the body. It only affects the cells that have epinephrine receptors on their surface. These receptors can bind specifically to epinephrine in the same way enzymes bind specifically to their substrates.

     To summarize so far, epinephrine is secreted by the adrenal gland when the brain "decides" that something stressful has happened. This hormone goes everywhere in the body but only binds to cells, which bear epinephrine receptors on their surfaces, like liver cells. We also know that the liver will be able to deliver glucose to the blood in response to stress if two of its enzymes, glycogen synthase and glycogen phosphorylase can be phosphorylated. Somehow, then, the epinephrine bound to the epinephrine receptors on the liver cells’ surface has to trigger the phosphorylation of these enzymes inside the cell; the process of getting an external signal communicated inside a cell is called signal transduction. Signal transduction is usually accomplished through a second messenger system which relays information from the hormone receptor to enzymes inside the cell.

     Before we look at second messenger systems, however, we have to look more closely at the surface of the cell and how it is constructed. 

Brief Overview Reading: 
Chapter 5

Focused Reading:

p 77-82  Stop at "Membrane carbohydrates…"





p 49-51 "Lipids…" Stop at "Carotenoids and steroids"





p 36-42   “Proteins" (review)





p 282 "Receptors" Stop at end of page





p 284  “G protein linked receptors” Stop at “cytoplasmic...”

WWW Reading: 

Crystal Model of a lipid bilayer
             



Fluid Model of a lipid bilayer

     Receptors are integral membrane proteins with their "active site" or ligand-binding site facing outward for binding with the extracellular ligand. [NOTE:  A ligand is any small molecule that binds to a protein at a specific site. Hormones are a kind of ligand that binds to binding sites of hormone receptors.]  Cells have in their membrane many copies of a receptor that binds a given hormone. In addition, each cell has many different kinds of receptors -- one kind of receptor for every different extracellular signal molecule with which the cell interacts. The liver, for instance, interacts with epinephrine, growth hormone, thyroid hormone, insulin, glucagon, and many other hormones. The cells of the liver, then, have in their membranes many copies of each of these different receptors, which can bind each of these hormones. This is part of the "mosaic" of the fluid mosaic model.

Study Questions:

1.
What is a ligand?  Give some examples.

2.
Draw a diagram of a phospholipid which illustrates its distinguishing characteristics (Do not use the balloon with two tails model found in your textbook -- come up with a diagram of your own that conveys the important features of the phospholipid molecule.)

3.
Explain, in chemical terms, why phospholipids are excellent molecular building blocks for membranes.

4.
Describe the fluid mosaic model of membrane structure.

5.
Describe, in chemical terms, how an integral membrane protein would differ in amino acid sequence from a soluble protein (one that floats freely in the cytoplasm.)  How would an integral membrane protein have to be constructed (what types of amino acids would be in what places in the molecule) in order to be embedded and floating in the phospholipid bilayer?

6. Membrane receptors are one type of integral membrane protein. List other types of integral membrane proteins (see Fig 5.1, 5.6, 5.9 5.13.5.17). Be able to state the function and give a specific example for each type of protein.

News Item: An international team has found that the same ligand (estrogen) can bind to two different estrogen receptors, called alpha and beta. When this common ligand binds to alpha, it activates gene activation, but when it binds to beta, it inhibits gene activation. Thus, the same ligand can give two different signals, depending on which receptor is present. (Science Vol. 277: 1508. September 1997)

7. Anti-estrogens are used for treating and preventing breast cancer. Hypothesize a molecular mechanism to explain how the same ligand could give two different signals, such as described above.

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------

     We are now ready to put the elements of this story together by introducing the cAMP (pronounced cyclic AMP) second messenger system which forms the link between the epinephrine receptor and the phosphorylation of liver cell enzymes. This system and others like it are called "second messenger systems" because they provide a second message to the cell. The hormone provides the first message by binding to its receptor on the cell surface. The information of this binding is relayed into the cytoplasm through the second messenger system. In addition to reading about the cAMP second messenger system, you will also read about nucleotides and nucleotide structure, since cAMP (and ATP and GTP) are nucleotides.
Focused Reading: 
p 47-48 "Nucleic acids..." stop at “DNA is a guide..."




p 728-729  “Mechanisms of hormone action" stop at "A cell can have..."




Fig. 15.8 (p284),  15.17 (p291), 15.12 (p287) 




p291 “Enzyme activities…” Stop at “Different genes…”

WWW Reading:

ATP - Chime Image




cAMP - Chime Image




Purves6e, Chapter 15, Tutorial 15.1 Signal transduction pathway 

     If ever there was a "domino" effect, it is the release of glucose in response to fear. Here is a summary, with a few more details than are given in your book to help you understand what is happening at the molecular level. [Read this story sentence by sentence. Be sure you understand each event before you go on.]  

1) A stressful thing happens and the brain sends a signal to the adrenal gland, which secretes epinephrine. 

2) Epinephrine enters the blood and goes everywhere in the body.

3) When epinephrine reaches the liver, it binds to epinephrine receptors on the liver cell membrane. 

4) Binding of ligand with receptor causes the receptor molecule to change its native conformation. 

5) This change in native conformation reveals a binding site on the cytoplasmic side of the receptor, which binds to G protein (the stimulatory version of G protein called Gs.)  

6) When G protein binds to the epinephrine receptor (allosteric modulation). The binding causes the G protein to change shape. 

7) This change in shape causes a GTP binding site in the G protein to lose its affinity for GDP and gain affinity for GTP. 

8) The GDP sitting in the site leaves and GTP binds to the site. 

9) When GTP binds to the G protein, this causes the G protein to change shape again and become able to bind to adenylyl cyclase, an integral membrane protein that is an enzyme. 

10) When the G protein binds to adenylyl cyclase, adenylyl cyclase changes shape and this activates an enzymatic site on adenylyl cyclase, which binds ATP and converts ATP to cyclic AMP. 

11) cAMP floats away from adenylyl cyclase and binds to the allosteric modulating site of cAMP-dependent protein kinases. One particular cAMP-dependent protein kinase is Protein Kinase A also known as PKA. 

12) The cAMP-dependent protein kinase becomes activated by this non-covalent allosteric modulation. PKA is activated by allosteric modulation caused by binding cAMP.

13) The activation PKA causes this protein kinase to phosphorylate an enzyme in the liver cell called phosphorylase kinase. [Valuable Hint at no extra charge: All kinases phosphorylate. The word before "kinase" in the enzyme's name usually tells you which molecule the enzyme phosphorylates. For instance, hexokinase phosphorylates a hexose (a 6-carbon sugar). Phosphofructokinase phosphorylates phosphofructose (another 6-carbon sugar).]

14) Phosphorylation activates phosphorylase kinase, which phosphorylates glycogen phosphorylase and glycogen synthase. 

15) The phosphorylation of glycogen phosphorylase activates it, thus causing it to break down glycogen to glucose (glycogenolysis) at a faster rate. This releases more glucose into the blood and the blood levels of glucose rise. Glycogen synthase is inhibited by phosphorylation. Therefore, glycogenesis is inhibited in the presence of stress, thus helping to keep glucose in its monomeric form.

Study Questions:
1.
What are the components of a nucleotide and how are the components of a nucleotide linked together?  What is the difference between a triphosphonucleotide, a diphosphonucleotide, and a monophosphonucleotide?  Give examples of each. Chemically, how are these nucleotides converted into one another?  

2.
Proteins become activated and inactivated by ligand binding because they change their shape in response to the binding of ligands. Identify every protein in the cAMP second messenger system and describe how ligand binding affects that molecule. What is it able to do after ligand binding that it was not able to do before?

3.
Describe how phosphorylation is used in the cAMP second messenger system. Which proteins are phosphorylated and how are they changed by this event?

4.
The cAMP second messenger system represents an enzyme cascade. Why is it called a cascade?  What is adaptive about such a cascade?  Why didn't the system evolve in such a way that the activation of glycogen phosphorylase was directly linked to the epinephrine receptor?  [NOTE:  There is probably more than one plausible answer to this question. Don't stop till you've really thought about it.]

5.
Be able to describe in chemical terms (as described above), the entire process of stress-induced plasma glucose elevation from the stressful event through elevation of blood glucose levels.

6.
Choose an example from the social sciences, the humanities, the fine arts or your everyday experience that is analogous to the cAMP second messenger system. Your model is a good one if you can trace the entire pathway (outlined in #5) using this analogous system.

---------------------------------------------------------------------------------------------------------------------

NEWS ITEM: A new protein has been identified as a critical player in the metabolism of glycogen. PTG (Protein Targeting to Glycogen) forms a large complex with the opposing enzymes phosphorylase kinase and glycogen synthase. Researchers hypothesize that PTG acts as a molecular scaffold bringing the key enzymes into a central location to facilitate their regulation. (See Printen et al., Science. Vol. 275: 1475-1478. 7 March, 1997)
     Now that the cAMP second messenger system has been activated, it must be deactivated!  Otherwise, you could not go back to a "normal" state after your stressful encounter. You'd be permanently wired on a blood sugar high!  

     Epinephrine (and all hormones and signal molecules) binds to its receptor through non-covalent interactions, i.e. hydrophobic interactions, hydrogen bonds and ionic bonds. These bonds are fairly easily broken, and as the epinephrine molecule sits in the ligand binding site of the receptor, it eventually wiggles free simply because of its constant motion due to kinetic energy. If the epinephrine level is still high (your brain is still stimulating epinephrine release by the adrenal gland), then a new epinephrine molecule will take the old one's place and the receptor will remain activated. However, when the stress has passed, the brain will stop stimulating epinephrine release and the epinephrine levels will fall because the body quickly destroys the free molecule. Then, when a molecule of epinephrine wiggles free of the epinephrine receptor, there will be very few molecules to come in and take its place, and the hormone binding site on the receptor will remain unfilled or empty.

     Another way of looking at this is through the "law of mass action" from chemistry.  According to this law, if the concentration of reactants increases, the reaction rate will increase. We can look at the free hormone and its binding site in the following chemical notation:

[H] + [B]  <---->  [HB]

[H] = the concentration of free hormone in the blood

[B] = the concentration of free (empty) binding sites on the hormone receptors

[HB] = the concentration of binding sites containing bound hormone.

     As the concentration of free hormone ([H]) increases due to adrenal gland release, the rate of the reaction increases and more hormone is bound to receptors. Likewise, as the hormone concentration decreases, the rate of the reverse reaction is increased and more hormone comes free of its receptor. 

ALL HORMONES AND SIGNAL MOLECULES HAVE THIS RELATIONSHIP WITH THEIR RECEPTORS. THEREFORE, THE STRENGTH OR DEGREE OF SIGNALING DEPENDS ON THE HORMONE CONCENTRATION.

     When the hormone concentration falls, the receptor has no hormone bound to the active site. This causes the receptor to go back to its original shape. In this original shape, the receptor cannot bind and activate G protein; no hormone bound, no G protein activated.

     Also, the G protein very slowly (in about a minute) cleaves its GTP to GDP. (It removes the last or "terminal" phosphate from GTP. GTP thus keeps two phosphates and becomes GDP.)  With GDP bound instead of GTP, G protein goes back to its original shape and loses its ability to bind to adenylyl cyclase. Therefore, no new adenylyl cyclases can be activated. 

     Also, cAMP is degraded to AMP (the cyclic connection between the phosphate and the third carbon of the ribose is broken) by an enzyme called phosphodiesterase. (The bond it breaks is a phosphodiester bond -- "diester" because it contains two oxygens (an ester linkage contains one oxygen) and "phospho" because it also contains a phosphate group.)  This reaction is occurring constantly and breaks down cAMP quickly after it is formed. The mechanisms that stop the cAMP cascade allow signal transductions to be brief. In that way, if you want to continue to make extra glucose for the blood, your adrenal gland has to continue to release epinephrine in response to input from your brain. Your brain, therefore, has control over the whole process. 
Study Questions:

1.
Explain why non-covalent bonding between the ligand and the hormone receptor facilitates effective cellular communication. What problems would be caused if the hormone bound covalently to its receptor? 

2.
Explain in conceptual or chemical terms the relationship between hormone concentration and signaling strength. How does this system work, exactly?

3.
How is the cAMP system stopped once it has started?  Describe all the mechanisms involved. What is adaptive about this immediate inhibition of the system?

4.
Describe how enzymes are named. How can you tell what an enzyme does, even though you haven't ever encountered it before?  Here are some enzymes to practice on: Pyruvate dehydrogenase; ribulose bisphosphate carboxylase (hint -- what is a "carboxyl" group?  See page 31); tyrosine kinase; DNA polymerase; peptidyl transferase; aminoacyl-tRNA synthase, phospholipase.

---------------------------------------------------------------------------------------------------------------------

The cAMP second messenger system was the first one to be discovered. It was discovered by Earl Sutherland, who won the Nobel Prize for this discovery in 1971. Since then, we have learned that many cells use this system for signaling. Here are some other examples:

Secretion of thyroid hormone by the thyroid gland triggered by thyroid stimulating hormone

Secretion of cortisol by the adrenal gland triggered by adrenocorticotropic hormone

Secretion of progesterone by the ovary triggered by luteinizing hormone

Reabsorption of bone triggered by parathyroid hormone

Increased heart rate and force of heart contraction triggered by epinephrine

Increased water retention by the kidney triggered by antidiuretic hormone

Increased triglyceride (fat) breakdown triggered by epinephrine

Learning and memory

Mating in Chlamydomonas (and you’ll see this one in lab)

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------

System #2: The Increase in the Force of Contraction of the Heart in 



  Response to Fear
     Everyone has experienced the "pounding" of the heart in the chest that occurs when one is afraid. Edgar Allen Poe frequently referred to this response in order to heighten the sense of fear in his readers. In nature, fear is an emotion that is produced in response to things that are physically harmful such as predators. The physiological response to fear, then, is to prepare you to flee or fight the thing that is making you afraid. In order to do this, you have to increase the supply of oxygen to your muscle cells, since they will be working especially hard in fleeing or fighting. (You also need more fuel for your muscles to burn for energy. This fuel, glucose, is supplied by the liver as you learned above.)  Blood carries oxygen to the tissues and the only way to increase the oxygen supply is to increase the rate at which blood is delivered to the tissues. To do this, the heart beats faster and harder. It is the mechanism that produces the increase in contraction force that we will consider here. [NOTE:  The explanation in this paragraph was teleological. The following explanation is causal.]

     The force of heart contraction is also controlled by the hormone epinephrine, secreted by the adrenal gland in response to fear (a kind of stress.)  Epinephrine goes everywhere in the blood including the heart. The heart muscle cells bear epinephrine receptors. These receptors are called beta adrenergic receptors. [There are also alpha receptors which do not work through a second messenger system. Receptors that bind epinephrine (adrenaline) are called "adrenergic."]  This receptor triggers a cAMP second messenger system in exactly the same fashion as the liver epinephrine receptor does. The receptor-ligand complex activates a G protein, which activates adenylyl cyclase, which converts ATP to cAMP. The cAMP then allosterically activates cAMP-dependent protein kinase. However, this is where the similarities end. The cAMP-dependent protein kinase of cardiac muscle cells phosphorylates two proteins that we will look at here:  

1) Ca2+ channels in the plasma membrane and 

2) myosin heads.

     We need to look carefully at each of these protein systems, beginning with the calcium ion channel in the plasma membrane of heart cells. Ion channels are protein molecules that span the membrane, are cylindrical in shape, and allow the passage of ions through the ion channel and thus the cell membrane. Each channel is selective for a given ion. ("Selective" means that they aren't quite as picky about what passes as they would be if they were "specific."  So, they are pretty good at allowing only one type of ion to pass, but not as good as receptors are at binding only one ligand, or as specific as enzymes that bind only one substrate.) Below is a cut away view of a selective ion channel:

[image: image18..pict]
All cells have Ca2+ channels, Na+ channels, K+ channels, Cl- channels, etc., in their plasma membranes. Because ions are charged, they are extremely hydrophilic and are repelled by the fatty acid tails of the phospholipid molecules in the membrane. Therefore, THE ONLY WAY AN ION CAN CROSS A MEMBRANE IS WITH THE HELP OF A PROTEIN THAT SPANS THE MEMBRANE. 

The following reading assignments are about ions and ion channels.

Brief Overview Reading: 
Chapter 2, 3, & 5 

Focused reading:


p 24  "Ions form bonds…" stop at "Polar and Nonpolar…"





p 85-86 "Passive processes of membrane transport..." stop at 





"Osmosis is passive water movement…"





p 795
fig 45.1





p88 fig5.9

WWW Reading:

Simple Ion Channel - RasMol Image




Purves6e, Ch5, Tutorial 5.1 Membrane transport (passive transport section)

     Ion channels are cylinders with water in the central channel. These ion channels allow ions to flow across the plasma membrane down their concentration gradient. Ions can only move down their gradient through channels; they can only move from an area of high ion concentration toward and area of low ion concentration. In the case of the Ca2+ channel we are considering, Ca2+ is in very high concentration on the outside of the cell  (10-3 M) and very low concentration on the inside (10-7 M). Thus, Ca2+ moves from the outside of the cell toward the inside of the cell when the Ca2+ channel in the membrane is opened.

     Note here that channel proteins cannot "pump" ions up their concentration gradient. Therefore, this channel cannot move Ca2+ from the inside of the cell toward the outside. It can, however, be open or closed. When closed, it does not allow the passage of Ca2+ toward the inside of the cell. When open, it does allow this passage. Such an ion channel is said to be gated. That is, it acts as if it has a gate that can be opened to allow ions to flow, or closed to stop the flow. The Ca2+ channel we are currently considering is gated and can be opened or closed.

     The type of gated ion channel we are considering is opened and closed in response to a change in the voltage across the heart muscle cell’s plasma membrane. These voltage changes occur rhythmically, around 80 times per minute, and are responsible for producing the normal heart beat. A bit later in this unit, we will consider how this voltage is created and how an ion channel might respond to changes in voltage. For now, all you need to know is that ion channels which open and close in response to changes in voltage are called voltage-gated channels. The Ca2+ channel we are considering is a voltage-gated channel. Other types of channels open and close in response to the binding of a ligand (ligand-gated channels) or stretch (stretch-mediated channels). We will consider ligand-gated channels later in this unit.

     While the Ca2+ channel we are looking at is voltage-gated, it is also modified by being phosphorylated by cAMP-dependent protein kinase. When it is phosphorylated, it stays open longer than normal, thus allowing more Ca2+ than normal to enter the heart muscle cell. It is this higher concentration of Ca2+ inside the cell that produces a more forceful contraction.

Study Questions:
1.
What is it about the atomic structure of an ion that makes it charged?

2.
Ca2+ is 10-3 M on the outside of the cell and 10-7 M on the inside. How much of a difference is this?  In other words, what is the magnitude of the Ca2+ gradient across the cell membrane?  If you don't understand molarity, read p 29-30 in your text. 


[NOTE:  The magnitude of concentration gradients is expressed in terms of the fold difference across the membrane, e.g. a 10 fold difference, a 30 fold difference -- that is 10 (or 30) times higher on one side than the other. Here is an example of why this makes sense:


	
	Concentration

 Inside
	Concentration

 Outside
	Arithmetic

Difference
	Fold

Difference

	Concentration 

Gradient A
	1000 mM
	 900 mM
	100 mM
	1.11 times

	Concentration

Gradient B
	200 mM
	100 mM
	100 mM
	2.0 times


While both concentration gradients have an arithmetic difference of 100 mM, the gradient B is actually almost twice the size of A (2 fold versus 1.11 fold.)  Substances will move almost twice as fast down gradient B as they will down gradient A.


3.
Describe the chemical structure of an ion channel. 


4.
What do ion channels do?  Why is this function necessary?  


5.
What does “gated” mean? What is a "gated channel?"  What are the three types of ion 



channels 'gates'?  

6.
Choose something from your everyday life that could serve as a good model (analogy) for 
a gated channel. Explain why this item is a good model for a gated channel.

--------------------------------------------------------------------------------------------------------------------

     You know epinephrine activates the cAMP second messenger system in heart muscle cells (called myocardial cells) and this causes the Ca2+ channels in the plasma membrane to stay open longer than normal, allowing more Ca2+ to enter the cell down its concentration gradient. We need to look at a few more things before this makes any sense. First, why is Ca2+ in higher concentration outside the cell than inside?  What creates this concentration gradient and why is it created?  And secondly, how does more cytoplasmic Ca2+ help the muscle cell contract with greater force?

     First, the Ca2+ gradient. As you will see throughout this unit, Ca2+ is widely used as an intracellular signal (a signal within the cell). Cells keep the intracellular, or cytoplasmic, concentration of Ca2+ very low when they are "at rest", that is, not receiving a signal. Then, if a communication molecule (e.g. a hormone) causes an increase in cytoplasmic Ca2+ concentration, this provides a signal to the cell. Low cytoplasmic Ca2+ levels means "don't secrete, or don't contract, or don't pump ions (whatever the cell does for a living -- don't do it!)  High Ca2+ levels means, "Secrete!  Contract! Pump ions! -- Do what you do!"  

     This Ca2+ signaling system must have two elements present in order for it to work correctly. First, the cell has to have a way to keep the cytoplasmic Ca2+ levels very low under resting conditions. Secondly, the cell has to have a way to quickly increase the cytoplasmic Ca2+ concentration when a signal arrives. Because of its signaling role in the cell, Ca2+ is frequently called a second messenger or a third messenger (though most people don’t distinguish between second and third).

     A rapid increase in cytoplasmic Ca2+ concentration is allowed by opening of Ca2+ ion channels. Something happens (ligand binding, cell stretching, or a voltage change) which causes the Ca2+ channels in the plasma membrane to open, thus allowing Ca2+ to flood into the cytoplasm. The longer the channel stays open, the more Ca2+ ions enter. [Note:  We will talk more about exactly how ion channels are opened and closed later in the unit.]  For now, however, let's look at how the cell maintains a low level of cytoplasmic Ca2+ at rest. This is maintained by an active transport system for Ca2+ in the cell membrane and in the membrane of the endoplasmic reticulum.

Focused Reading:
p 88-91 "Active transport …" stop at "Endocytosis…"




p 126-128 "ATP couples..." stop at "Enzymes biological..."

WWW Reading: 
Immunofluorescence Labeling of the Sarcoplasmic Reticulum




Animation of Calcium Pump




Purves6e, Ch5, Tutorial 5.1 Membrane Transport (Active transport sections)

     Active transport is the movement of substances up their concentration gradient. This violates the second law of thermodynamics (that everything tends toward maximum randomness or entropy – p97 of the text) and therefore REQUIRES THE INPUT OF ENERGY FROM THE CELL. When the cell burns glucose to carbon dioxide and water, energy is given off. The cell harvests this energy and stores it in the phosphate bonds of ATP. When ATP is converted to ADP, the stored energy is released and cellular work can be performed using this energy. Very frequently, though not always, the terminal phosphate released in this reaction is covalently bonded to another molecule (e.g. glucose, or a protein). The molecule is thereby phosphorylated. You have encountered phosphorylation previously in its ability to activate or inactive enzymes by covalent modulation. Now you are encountering it again. This time, phosphorylation will be used to provide the energy required to "pump" ions against their concentration gradient. It takes one ATP to move two Ca2+ ions into the ER. 

     In the myocardial cells, there are two sets of Ca2+ pumps or active transport systems that remove Ca2+ from the cytoplasm. One pump is in the plasma membrane and it moves Ca2+ from the cytoplasm toward the outside of the cell. The other pump is in the membrane of the endoplasmic reticulum and it moves Ca2+ from the cytoplasm into the lumen of the ER. A lumen is the inside of a tube or hollow ball. The lumen of a balloon is the space where the air is; the lumen of a garden hose is the space where the water is, etc. In muscle cells, the ER is called the sarcoplasmic reticulum or SR [sarco = muscle] Therefore, sometimes the ER and SR are referred to jointly as the SER. 




[image: image2.wmf]
     Both pumps remove Ca2+ from the cytoplasm, either by pumping it outside the cell or into an organelle. The latter process is called sequestering Ca2+ because the concentration of Ca2+ becomes very high in the SER. Both pumps cycle by the following mechanism (see the diagram on the next page for an illustration of this mechanism) which is outlined in steps 1 - 7 below: 

1.
We begin our study of the Ca2+ pump cycle at a random point: the pump is dephosphorylated and its Ca2+ binding sites are facing the cytoplasm. The calcium binding sites have a very high affinity for calcium ions at this point. 

2.
Ca2+ floating in the cytoplasm binds to the binding sites on the pump, which causes a conformational change in the pump. Even though there is very little Ca2+ present in the cytoplasm, the few molecules present that bump into the binding sites bind tightly to the pump and stay there. The conformational change causes ATP to bind to the ATP-binding site on the pump (it had been vacant). 

3.     When ATP binds, its terminal phosphate is transferred to the pump, phosphorylating it (thus ATP becomes ADP).

4.
This phosphorylation causes the pump to change conformation and present the Ca2+ binding sites to the other side of the membrane. (For pumps in the plasma membrane, this flips the Ca2+ binding sites outside the cell while the SER pumps now have their Ca2+ facing the lumen of the SER. If this seems confusing, review the Purves6e online tutorial Ch5, tutorial 5.1.)

5.
Flipping its Ca2+ binding sites to the other side of the membrane causes the Ca2+ binding sites to have a lower of the affinity for Ca2+. This causes the Ca2+ to diffuse off of the Ca2+ binding sites and away from the pump. 

6.
The release of Ca2+ from the binding sites causes a conformational change in the pump. This conformational change causes the pump to become dephosphorylated.
7.     When the pump becomes dephosphorylated, it changes its conformation which makes the Ca2+ binding sites flip to the other side of the membrane so they are facing the cytoplasm, which results in the binding sites having a high affinity for Ca2+ again. The cycle repeats from step #1.
[image: image3.wmf]
     This process is called ATP-dependent Ca2+ transport and the pump is called an ATP-dependent Ca2+ transporter. The role of ATP in the process of transport outlined here is to provide the energy required for the pump to "flip" -- that is, open to the opposite side of the membrane; the flipping event changes the affinity of the ion binding site. The loss or gain of the ion causes changes which allow phosphorylation or dephosphorylation. We spend a lot of energy pumping ions. It has been estimated that we spend 10-20% of all the calories we consume in the active transport of ions. While this active transport accomplishes several other things, one of its main functions is to facilitate signaling. 

Study Questions:

1. Explain why heart muscle cells (and all cells, in fact) spend energy pumping Ca2+ across their membranes. Explain how Ca2+ is used as a signal in cells.

2. Explain the mechanism by which Ca2+ is pumped across the plasma membrane and the membrane of the SER. This process requires ATP for energy. How, specifically, is ATP involved in this process?

3. This question provides a slightly different way of looking at the answer you gave in #2.  The ATP-dependent calcium transporter changes conformation three times during each pump cycle: 1) The transporter flips toward the inside and outside of the cell; 2) it changes the shape/affinity of its Ca2+ binding sites; and 3) it changes the shape/occupancy of its phosphorylation site. What causes each of these changes to occur?  (e.g. what causes the pump to flip to the outside, what causes the affinity of the binding site for Ca2+ to decrease, etc.)  Likewise, each of these changes in conformation causes something to happen. What does each of these changes cause? (e.g. what happens when the pump flips to the outside?  What happens when the shape of the phosphorylation site changes?

4. Again, use an analogy to explain the ATP-dependent Ca2+ pump. Try to develop an analogy that models all the aspects of the pump.

5. Develop an analogy to explain how Ca2+ is used as a signal molecule in the cell. Make sure your analogy can be used to explain how Ca2+ is handled by the cell when it is "at rest", i.e. not being signaled.

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------

     Back to the myocardial cell. To summarize so far, the brain has interpreted something in the environment as frightening, and it has sent a nerve impulse to the adrenal gland to get it to secrete epinephrine. Epinephrine levels in the blood and tissue fluid have risen, and epinephrine has bound to the beta adrenergic receptors on the myocardial cells’ plasma membranes. This has triggered the cAMP second messenger system, which has activated cAMP-dependent protein kinase that has phosphorylated (using ATP as the source of the phosphate) the voltage-gated Ca2+ channel in the cell membrane. This phosphorylation has caused this channel to remain open longer than normal. Ca2+ has moved down its concentration gradient into the cell. The resting cell maintained this gradient when cellular proteins actively pumped Ca2+ into the extracellular space and inside the SER lumen. The phosphorylated Ca2+ channel remains open longer than normal allowing more Ca2+ than normal to enter the muscle cell. 

     So, how does this extra Ca2+ in the heart muscle cause an increase in contraction strength?  In order to look at this question, we need to look at how muscle cells contract. All cells use their cytoskeleton to move. But cells which are specialized for contraction have very highly organized cytoskeletal components. These components are specialized microfilaments (described in general on p 72-73 and seen in fig. 47.7 p836) called actin and proteins that act as motors called myosin. 
Focused Reading: 
p. 835-839  “Skeletal muscle" stop at “Single muscle twitch...” 




Note Figures 47.8 through 47.10.

WWW Reading:

Purves6e, Ch47,Tutorial 47.1




How the Calcium Pump Fills the SER with Calcium

     The mechanism used by muscle cells to contract was described by Hodgson and Huxley in the sliding filament theory for which they won the Nobel Prize. According to this theory, muscles contract when actin and myosin filaments slide past one another like this:

[image: image4.wmf]
     The actin and myosin protein fibers overlap one another. They slide past one another to produce contraction. This sliding movement is very energetic and requires significant amounts of ATP. The sliding is produced by the vigorous movement of parts of the myosin filament, called myosin heads, which form cross-bridges. These myosin heads bind to the actin and pull, then release and reset, then bind and pull, then release and reset. This process is very much like rowing a boat. There is a diagram of this process on the next page.

     So, what does this contraction process have to do with Ca2+?  Well, here's the story. When the myocardial cell is at rest (not contracting) the myosin head binding sites on the actin filaments are covered by a protein called tropomyosin. Unless tropomyosin is moved, the myosin head crossbridges cannot form and contraction cannot occur. Sitting on the tropomyosin is a second protein called troponin. 

NEWS ITEMS: Mutations in troponin and tropomyosin have been shown to be two causes of Familial Hypertrophic Cardiomyopathy - an autosomal dominant disorder that causes an enlarged heart, disorganized sarcomeres, and ultimately death. (See Thierfelder et al., Cell. Vol. 77, 701-712. 3 June, 1994.) Mutations in the actin gene have been shown to cause idiopathic dilated cardiomyopathy. (Science 280: 750. 1998)
[image: image5.wmf]
     When cytosolic Ca2+ levels are low, Ca2+ is not bound to troponin (for the same reason that ligands are not bound to proteins when their concentrations are low -- same concept, different example.)  When Ca2+ is not bound to troponin, troponin has a particular shape that allows tropomyosin to cover the cross-bridge binding sites. The myosin heads can't bind and contraction cannot occur. This all changes when Ca2+ levels are high. Under these conditions, Ca2+ binds to troponin. This causes troponin to change shape and this change in shape pulls tropomyosin away from the cross-bridge binding sites. The myosin heads (always ready to bind) can now bind and contraction continues to occur until Ca2+ levels fall causing the tropomyosin to cover over the cross-bridge binding sites again. 

     Ca2+ plays a regulatory role in the strength of cardiac muscle contraction. Myocardial cells will not contract at all unless cytoplasmic Ca2+ levels rise and tropomyosin is moved out of the way of cross-bridge formation. So increases in cytosolic Ca2+ concentration occur >70 times per minute (on average) in the heart when you are not frightened; this produces the regular heartbeat. However, epinephrine's effect on the plasma membrane Ca2+ channel allows it to remain open longer, allowing more Ca2+ than normal into the heart muscle cells. Higher Ca2+ levels allows more cross-bridge binding sites than normal to be exposed. This allows cross-bridges to be formed -- more oars pulling in the water means more strength -- thus, the force of the cardiac contraction is increased.

     Finally, cAMP-dependent protein kinase has an additional action -- it phosphorylates the myosin heads. These phosphorylated heads are capable of "rowing" at a faster rate than when they are not phosphorylated. Therefore, they can produce more strokes per millisecond. Since the limiting factor in this system is the amount of time the cross-bridges are formed, increasing the stroke rate of the cross-bridges increases the amount of movement (i.e. force) that can be generated per unit of time.

Study Questions:

1.
Using the sliding filament theory, explain how muscles contract.

2.
What role does Ca2+ play in muscle contraction?

3.
How does epinephrine increase the strength of cardiac contraction?  Explain this in detail, as you would for a traditional exam question. Then explain it in simple terms as you would to a younger brother or sister.

4.
You have now encountered many ways that ATP is used in the cell. List them and give a brief explanation of each.

5.
You have now encountered several examples where an event in the cell is triggered by a change in conformation or shape of a protein. List all the examples you have encountered and briefly describe the effect of the conformational change in each system.

6.
"Beta blockers" are drugs that block the beta adrenergic receptor so epinephrine cannot bind to the receptor. These drugs are used to lower blood pressure and to ease the strain on a weakened heart. Explain the mechanism by which beta blockers produce the latter effect.

7.
In what ways can a cell increase its permeability to a particular ion?  List all the mechanisms you can think of. (As always, answer this in chemical terms.)

---------------------------------------------------------------------------------------------------------------------NEWS ITEMS: When a muscle is stretched, it tends to contract back to it resting size. The molecule responsible for the ability to spring back is called titin, due to its giant size. Titin can be stretched to 4 times its resting length before it must spring back. This has been visualized for the first time using some fancy microscopy call optical tweezers, which we will talk about later. (See Erickson. Science. Vol. 276: 1090-1092 16 May 1997, and related research articles.)

An interesting side note: Psychophysiologists at Univ. Southern California have observed a correlation between low heart rate at rest and aggressive and antisocial personality traits. A colleague commented that this was an interesting finding but what do you do with this information? Is this a good hypothesis?

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------

System #3: The Contraction of a Skeletal Muscle in Response to an 



  Impulse from the Nervous System
Brief Overview Reading: Chapter 5 and 44

     The previous two systems we looked at involve a hormone as the communication molecule. Now we are going to focus on communication mediated by the other major integrating system, the nervous system. The nervous system and endocrine system both communicate through chemical messengers. The endocrine system uses hormones while the nervous system uses neurotransmitters. In both cases, the communication molecules are secreted by one cell, travel to the target cell, and bind to specific receptors in the plasma membrane of the target cell. This binding triggers changes in the target cell but unlike hormones, neurotransmitters travel only a very short distance to get from the cell that secreted them to their target cell. When two neurons are communicating (a nerve cell is called a neuron), one neuron secretes a neurotransmitter that travels about 0.1 nm to get to the next neuron. ("nm" means nanometer. A nanometer is a billionth of a meter, 10-9 meter.)  This small gap between neurons, across which the neurotransmitter diffuses, is called the synaptic cleft and the area where one neuron interacts with another cell is called a synapse. The neuron that secretes the neurotransmitter is called the pre-synaptic neuron and the one that bears the neurotransmitter receptor (and binds the neurotransmitter -- the target cell) is called the post-synaptic neuron. Here's a picture and there is also one on page 789 in your text (Figure 44.14)

[image: image6.wmf]
     When a neuron is communicating with a muscle cell rather than another neuron, the synapse is called a neuromuscular junction. The process of communication from the pre-synaptic neuron to the post-synaptic muscle cell is essentially the same as when two neurons communicate.

Focused Reading:
p775-776 “Neurons are…” stop at “Glial Cells…”




p776-777 “Neurons: generating…” stop at end of page 777




p785-786 “Neuron, Synapse and Communication" stop at "The arrival"




p 789 fig44.13

     Just as there are many different hormones, there are also many different neurotransmitters. The one we will look at here is acetylcholine, which is used as the chemical messenger between the nervous system and skeletal muscle cells. A list of neurotransmitters can be found on page 790 in your text.

     In looking at this system, we will begin at the beginning of the process and look at the cellular and chemical events that produce a nerve impulse. Nerve impulses are electrical events, that is, they are caused by the flow of charged particles (in this case ions move instead of electrons as is the case for electrical current in power lines.)  The flow of charged particles is called current. The force that moves charged particles (causing them to flow (causing current)) is voltage or electrical potential. Voltage is a separation of charge. According to the second law of thermodynamics, charged particles will move in such a way that electrical neutrality is produced (an equal distribution of positively and negatively charged particles). Thus, if you separate positive particles from negative particles -- create concentration gradients of negative and positive charges, you have created a voltage -- a potential force that will compel charged particles to move to correct this imbalance -- to create electrical neutrality. In doing this, negatively charged particles will move toward the concentration of positive charge and vice versa until they are completely mixed and the solution is electrically neutral. When voltage exists, then, there is always a negative pole and a positive pole -- like a battery. The negative pole (the cathode) attracts positively charged ions (called cations) and the positive pole (the anode) attracts negatively charged ions (called anions.)  The bigger the separation of charge, the bigger the voltage (the more current will flow between the poles).

     At rest (that is, when no signal is being sent or received), the plasma membranes of all cells, including neurons, have a voltage across them. The outside of the cell is the positive pole and the inside of the cell is the negative pole. The separation of charge across the membrane is small with a voltage of only -60 millivolts (mV). [By convention, the voltage is given the sign of the pole that is inside the cell. So a voltage of -60 mV means that the magnitude of charge separation is 60 mV with the inside of the cell negative with respect to the outside.]  -60 mV then is said to be the resting membrane potential. This voltage exists in all cells at rest and in neurons when they are not propagating an impulse.

     It is this voltage that allows the creation and propagation of a nervous impulse. This voltage is used in other cell types to transmit signals as well. But before we look at that, we have to look at how this voltage is created in the first place. Separation of charge can be thought of as a charge concentration gradient. Just as the Ca2+ gradient was created by an active transport system, so is the membrane voltage. 

Focused Reading:

p 88-91 "Active Transport”  stop at "Endocytosis"





Pay special attention to Fig 5.12, p90





p 777-778 "Ion pumps..." stop at end of page 778.





p 777 Fig 44.5 (Research Method)

     The ATP-dependent Na+/K+ pump operates exactly like the ATP-dependent Ca2+ pump we have already considered. It is a bit more complicated because it transports two ions in opposite directions across the membrane. [This pump is, therefore, called an antiporter (two substances, opposite directions.)  An antiporter is an example of a cotransporter (two substances transported at once in any direction (both inward, both outward or one in and one out.))  The Ca2+ pump, on the other hand, is called a uniporter because is transports only one substance.] 

     Even though the Na+/K+ pump transports two ions, the same rules apply here as they did in the calcium ion pump:

1.
Phosphorylation and dephosphorylation cause the pump to flip

2.
The flip causes a change in the ion binding sites' affinities

3.
The loss or gain of ions into the binding sites causes the pump to be phosphorylated or dephosphorylated

4.
The cycle repeats.

The relationship of K+ to phosphorylation and site affinity is exactly opposite that of Na+ since they are being transported in opposite directions across the membrane.

It is the unequal transport of potassium ion versus sodium ion that CREATES THE RESTING MEMBRANE VOLTAGE. The Na+/K+ pump transports three sodium ions (3+) to the outside of the cell for every two potassium ions (2+) it transports to the inside of the cell. Therefore, the pump separates charge -- that is, it pumps more positive charge to the outside than it does to the inside. The pump is, therefore, said to be electrogenic (it generates voltage). This makes the outside of the cell membrane slightly positive and the inside slightly negative. The magnitude of this charge difference is 60 mV (technically, -60 mV since the inside is negative). 

     Note that the Na+/K+ pump has to keep pumping constantly because the membrane has Na+ and K+ channels in it that "leak."  This situation is analogous to bailing a leaking boat. You have to keep bailing because the water keeps leaking back into the boat. But if you bail as fast as the boat leaks, you can stay afloat. Likewise, at "rest" (this means -- no signal is being sent. It does not mean the cell is inactive), the Na+/K+ pump bails as fast as the channels leak -- so a steady state is maintained. In this steady state, because of the action of the pump, three significant conditions exist:

1.
There is a concentration gradient for Na+ across the cell membrane. The concentration of Na+ is very high on the outside of the cell and very low on the inside of the cell. This gradient is produced by the Na+/K+ pump moving Na+ from the inside of the cell to the outside.

2.
There is a concentration gradient for K+ across the cell membrane. The concentration of K+ is very high on the inside of the cell and very low on the outside of the cell. This gradient is produced by the Na+/K+ pump moving K+ from the outside of the cell to the inside.

3.
There is a voltage across the membrane. This voltage is produced by a separation of positive charge such that more positive charge is placed on the outside of the cell than on the inside. This voltage is produced by the unequal pumping of Na+ and K+ by the Na+/K+ pump. 

Study Questions:
1.
What is voltage?  What is current?  How are these two concepts related?  

2.
Explain the concepts of voltage and current using an analogy.

3.
Describe the mechanism the ATP-dependent Na+/K+ pump uses to move ions across the membrane. 

4.
How is the resting membrane potential created?  What causes the outside of the cell to be positive and the inside to be negative?

5.
Explain why the Na+/K+ pump has to pump ions all the time. Use an analogy (other than the leaky boat analogy) to describe this phenomenon.

---------------------------------------------------------------------------------------------------------------------

     So here the neuron sits with its resting membrane potential at -60 mV and its concentration gradients for Na+ and K+ well established. The neuron that will ultimately synapse on the muscle cell and get it to move is called a motor neuron. It is called "motor" because it causes movement (as opposed to a sensory neuron that carries sensation). If you want to move your leg, you send an impulse from your brain down to the spinal cord. In this area sit the motor neurons that communicate with your leg muscles. The neurons coming down from the brain synapse on the motor neurons and secrete a neurotransmitter onto their membrane. (The type of neurotransmitters used at this synapse is not known, but probably several different neurotransmitters are involved.)  This causes a change in the motor neurons which causes nerve impulses (called action potentials) to be transmitted across the motor neuron out to the muscles of the leg. 

Focused Reading:
p 777-781 "Simple electrical..." stop at "Action…"

     When the motor neuron receives the message from the brain, the neurotransmitter binds to its receptor in the plasma membrane of the motor neuron. This neurotransmitter receptor is physically linked with a Na+ channel. (See Fig 44.15 on page 786). When the neurotransmitter binds, it causes a change in shape (surprised?) in the receptor. This change in shape causes the Na+ channel to open. This is an example of a ligand-gated channel. The binding of a ligand (the neurotransmitter) causes the opening of the channel. 

     When the channel opens, Na+ is free to move quickly down its concentration gradient. Because it is in high concentration outside the cell and low concentration inside, it quickly moves into the cell. When Na+ moves, it carries its positive charge with it. Therefore, the inside of the cell becomes more and more positive as more and more Na+ enters. This movement of positive charge causes a change in the membrane voltage. At rest, it is -60 mV but as sodium enters it becomes -59, -58, -57, -56, etc., until it reaches -40 mV. -40 mV is called the threshold potential. At this point, the voltage is sensed by voltage-gated Na+ channels in the neuron’s plasma membrane near the recently opened ligand-gated channel. These voltage-gated Na+ channels change shape when the voltage reaches -55 mV. This change in shape causes them to open allowing even more Na+ to flood into the cell. Now the voltage continues to become more positive (-40, -30, -20, etc.) until the inside actually becomes positive with respect to the outside at +50 mV. This is called membrane depolarization because the original poles (negative inside and positive outside) have been obliterated. (see left side of fig 44.8 pg780)

     There are voltage-gated Na+ channels all the way along motor neurons from their bodies in the spinal cord to their synaptic terminals in the arm muscles. As each area of membrane reaches threshold voltage (-40 mV) the depolarization is sensed by the neighboring voltage-gated Na+ channels and triggers the channels to open one by one all along the way to the end of the neuron. This propagation of a wave of depolarization is called an action potential - a "nerve impulse."  This will be the command signal to the muscle to contract. This process can be diagrammed as follows:

[image: image7.wmf]
Do you see why nerve impulses are described as "waves of depolarization?"

Study Questions:

1.
Explain how the resting membrane potential makes the action potential possible. Describe this in actual chemical terms, and then describe it using an analogy.

2.
Ligand-gated and voltage-gated ion channels are both involved in the generation of an action potential. Describe the role played by each type of channels.

3.
Explain how the opening of Na+ channels in the plasma membrane produces a change in membrane voltage. Why is this change called depolarization?

---------------------------------------------------------------------------------------------------------------------

     [Note:  The cell membrane has to be returned to its resting state before it can send another signal through an action potential. This membrane repolarization is produced by voltage-gated K+ channels that open after the voltage-gated Na+ channels. This causes K+ to flow down its concentration gradient towards the outside of the cell. K+ carries its positive charge with it and makes the inside of the membrane more negative as it leaves. This (along with the closing of the Na+ channels) repolarizes the membrane.]

Focused Reading:
p 781-83 “Action potentials are...” stop at “Ion channels and…”




p 782 Fig 44.11 




p 781 Fig 44.10

 (If you can explain these to your non-science friends, you understand action potentials.)

Study Questions:
1.
What role does K+ play in an action potential? 

2. Make a list of the similarities between K+ and Na+ in an action potential. List the differences    


between these two ions in an action potential.

NEWS ITEM: A research team from Australia and Germany has cloned a gene that is expressed only in the brain and causes a certain type of epilepsy, called benign familial neonatal convulsions. The convulsions start about 3 days after birth, but usually disappear within a few months. The culprit is a mutation in a potassium channel gene that in one family had a 5 base pair insertion, which cause the deletion of 300 amino acids at the end of the protein. If the channel is not full length then it cannot work properly (structure – function relationship again). (Science Vol. 279: 403. January 1998)

3.
What would happen to a neuron that contained the mutation described above?

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------
     Eventually the wave of depolarization, the action potential, reaches the synaptic terminal of the motor neuron. This neuron terminates at a skeletal muscle cell in a leg muscle; the terminal structure is called a neuromuscular junction. This neuromuscular junction looks very much like the synapse you have already encountered, where the neuron from the brain told the motor neuron to start its action potential. When the action potential reaches the synaptic terminal of the motor neuron, it causes the membrane of the pre-synaptic cell to depolarize (just like all the rest of the membrane all the way down from the spinal cord.)  However, the synaptic terminal contains voltage-gated Ca2+ channels in its membrane. When the membrane depolarizes, these voltage-gated Ca2+ channels open and Ca2+ flows down its chemical concentration gradient into the synaptic terminal. (NOTE: When the cell was "at rest" the Ca2+ gradient was produced by the same plasma membrane Ca2+ pump that works in the heart muscle. Virtually all cells pump Ca2+ out of the cytoplasm using this pump.)

     The synaptic terminal of the motor neuron contains secretory vesicles full of the neurotransmitter acetylcholine. When Ca2+ enters the terminal, these vesicles fuse with the plasma membrane and release their contents into the synaptic cleft. The process of secretion is an example of exocytosis. 

Focused Reading:
p91-92 stop at “Membranes are not simply…”




p92-94 Membranes are dynamic” to end of chapter




p 91 Fig 5.14b




p 787 fig 44.16

WWW Reading:

Movie of Calcium Influx into a Neuron




Purves6e, Chapter42, Tutorial 42.2 Synaptic transmission 

     Exocytosis and endocytosis are mirror images of one another. Cells use exocytosis to secrete products (e.g. hormones, neurotransmitters, cell wall components, milk, digestive enzymes, sweat, tears, etc.). Cells use endocytosis to engulf cells and other substances, usually for utilization by the engulfing cell. Cells engulf bacteria, viruses, dead cells from one’s own body, proteins, water, iron, etc. Cells also use endocytosis to retrieve membrane added during exocytosis and vice versa. This process is called membrane recycling or membrane traffic. Some cells sit and secrete constantly. Their secretion is said to be constitutive, that is, it occurs constantly and is not regulated. Other cells, such as neurons, store their secretory product and wait for a signal to secrete; this is regulated secretion. The signal to secrete is usually a rise in intracellular Ca2+.

     So, how does a rise in the level of cytoplasmic Ca2+ trigger secretion in most cells and, specifically, in motor neurons?  We don't know the complete answer, but a story has emerged which is currently very popular. (Note:  Results from this field of investigation are so new that investigators have not yet settled on a common set of terms for the molecules involved. The terms presented here are from one lab investigating neurons.)   According to this theory, there are membrane proteins in secretory vesicles called VAMPs (vesicle associated membrane protein) that can bind membrane proteins in the plasma membrane called syntaxin (proteins discovered in synaptic vesicles that facilitate vesicle movement (taxis = movement.)). Both VAMP and syntaxin are integral membrane proteins (that means they go through a membrane, remember). Most of the mass of VAMP is on the cytoplasmic side of the vesicle membrane. Most of the mass of syntaxin is on the cytoplasmic side of the plasma membrane. The cytoplasmic portions of VAMP and syntaxin act as 'handles' that allow the vesicle to come in contact with the plasma membrane. When these two proteins (VAMP and syntaxin) bind to one another, the vesicle and plasma membranes fuse and the contents of the vesicle (in this case, acetylcholine) is secreted into the synaptic cleft. The binding of VAMP to syntaxin is facilitated by some additional cytoplasmic proteins (called NSF and SNAPs) and the entire process is ATP-dependent. The VAMP-syntaxin-cytoplasmic protein(s) complex falls apart when ATP is hydrolyzed to ADP by an enzymatic site on one of the proteins. (See figure on next page.)

NEWS ITEMS: Release of neurotransmitter has been visualized for the first time by using genetic engineering and the lightening bug enzyme luciferase. Every time these modified cells secrete neurotransmitters, they also produce a small spark of light, which can be seen through a microscope. This allows researchers to determine how many vesicles fuse with the plasma membrane for any given stimulus. (See Miesenbock and Rothman. Proc. Natl. Acad. Sci. USA. Vol 94: 3402. April, 1997.)

Nicotine that is found in cigarette smoke has been shown to bind to presynaptic acetylcholine receptors and cause a rise in intracellular calcium at the nerve terminus. This leads to an increase secretion of other neurotransmitters. (Science Vol 269: 1692. September 1995) However, a more recent study has shown that chronic exposure of nicotine can cause two of the three known versions of the acetylcholine receptor to become permanently inactivated. The third receptor is still functional which leads to increased neurotransmitter (dopamine) release and thus the craving for nicotine is sustained. (Olale et al., J. Pharmacology and Experimental Therapeutics 283: 675. 1997)
 The protein complex is hypothesized to look something like this: 


[image: image8.wmf]
     While high cytoplasmic Ca2+ levels clearly trigger this binding and subsequent membrane fusion, the mechanism of calcium triggering exocytosis is not completely understood. Control is likely to occur through a second protein bound onto the vesicle membrane called synaptotagmin, a Ca2+- binding protein. Investigators hypothesize that, when synaptotagmin binds Ca2+, it changes shape. This change in shape causes a change in shape in the VAMPs which allow them to bind to syntaxin on the inside of the cell membrane, thus allowing secretion to occur.

     In addition to mediating secretion, this process of protein-mediated binding followed by membrane fusion is the way substances are transported and specifically sorted within the cell. For instance, some cells secrete protein (e.g. insulin and other protein hormones, digestive enzymes). This protein is made on ribosomes which are "docked" onto the surface of the ER. As the protein is made, it is translocated ('moved across') into the lumen of the ER. From there, the protein must travel to the Golgi apparatus and then to secretory vesicles for secretion. The protein is first concentrated into a specific region of the ER. Small vesicles containing the protein then bud off the ER and fuse with the cis face of the Golgi. The protein product then transported through the Golgi by budding off each Golgi cisterna and fusing with the next cisterna until the trans face is reached. Then, secretory vesicles bud off the trans face, ready to release their contents outside the cell upon receiving the appropriate signal. The process looks like this:

[image: image9.wmf]
     Evidence is building that all of the budding and coalescing processes (called vesicular transport) are mediated by protein complexes that function like the VAMP-syntaxin-cytoplasmic protein complex that mediates secretion. Thus, if one asked how the vesicle that buds off the ER "knows" to fuse with the Golgi and not with a mitochondrion (or the nucleus or the plasma membrane), the answer is probably that this ER vesicle contains a VAMP-like protein that is specific for (that is, complementary in structure to) a syntaxin-like molecule on the Golgi membrane. Thus, the transfer of proteins within the endosomal system (the system of organelles in the cell that includes the Golgi, ER, lysosomes, phagocytic vesicles, and secretory vesicles--reviewed in pages 64-66) is probably mediated by specificity of membrane-bound "docking" proteins.

NEWS ITEM: A protein called syntaxin 5 has been identified as a necessary molecule for the formation of Golgi and the delivery of vesicles to the Golgi. (Science Vol. 279: 696. January 1998)

The endomembrane is not just a one-way street for protein synthesis and secretion. Vesicles also travel in the other direction and are sometime used 'against us'. The toxin produced by Shigella dysenteria  (Shiga toxin) enters the cell by endocytosis and causes hemorrhagic colitis. Shiga toxin and has recently been shown to travel all the way 'down' the pathway to the ER before escaping into the cytoplasm and wreaking havoc on the cell. F. Mallard et al. 1998 JCB vol 143 973-990.

     But we digress, back to the neuromuscular junction. After acetylcholine is secreted into the synaptic cleft, it diffuses the very short distance to the post-synaptic membrane of the skeletal muscle cell where it binds to an acetylcholine receptor. Acetylcholine receptors are in part ligand-gated Na+ channels. (Again, see page 786; Figure 44.15 for an illustration.) Thus, the binding of acetylcholine to the muscle cell membrane triggers an action potential that is spread across the muscle cell membrane in exactly the same way that the action potential was spread down the neuron. The mechanism of generation and propagation are the same.

     The action potential that spreads across the muscle cell membrane triggers a rise in (guess what?) intracellular Ca2+ levels in the muscle cell (this is a very hot area in research today). By the same mechanism as in heart muscle, this Ca2+ binds to troponin causing it to pull tropomyosin away from the cross-bridge binding sites on the actin filaments. Contraction is sustained for as long as cytoplasmic Ca2+ levels remain high. And cytoplasmic Ca2+ levels remain high as long as an action potential is being propagated along the muscle cell membrane. And an action potential is propagated as long as acetylcholine is bound to its receptor. And acetylcholine is bound to its receptor as long as it is secreted by the pre-synaptic neuron. An enzyme in the synaptic cleft called acetylcholinesterase destroys acetylcholine almost immediately. Therefore, the pre-synaptic cell must provide a continual supply of the neurotransmitter if the receptor is to remain activated.) And the pre-synaptic neuron secretes acetylcholine as long as action potentials continue to reach the synaptic terminal. And action potentials reach the synaptic terminal as long as they are generated at the cell body in the spinal cord, which continues as long as the brain is telling you to flee the bear chasing you. Now at this point things get a little vague. But neuroscientists practice their craft believing that everything, even the will to contract, is caused by a chemical process. Practitioners of neuroscience have a lot of work to do before they truly understand these higher neurological functions.

     One more thing -- how does the action potential in the muscle cell membrane actually cause an increase in cytoplasmic Ca2+ levels in the muscle cell?  We don't know. We do know that most of the Ca2+ in this process comes from inside the SR where it has been pumped by the ATP-dependent Ca2+ pump while the cell was at rest. Thus, the action potential in the muscle cell membrane must trigger the opening of a Ca2+ channel in the membrane of the SR. Ca2+ then is free to flow down its concentration gradient into the cell. We do not know the exact mechanism whereby the membrane action potential communicates with the Ca2+ channel in the SR. However, recent research has pointed to a protein called triadin which spans the gap between the plasma membrane and the Ca2+ channels in the SR (triadin spans the triad and we are not referring to 3 cities in NC!). Therefore, triadin is in the right place to bridge the gap but no one has any idea how this could be done. (See figure 44.9 pg. 981 for a picture of where the T tubule meets the SR.) Whoever figures it out first will become very famous since this is the last big mystery about muscle contraction. 

Study Questions:
1.
What events are triggered by the arrival of the action potential at the synaptic terminal?

2.
Describe the process of exocytosis.

3.
List some ways in which cells use exocytosis and endocytosis. How are these two processes used together to ensure that the cell's size does not change?

4.
Describe the current theory that explains how increased Ca2+ concentrations trigger secretion.

5.
Describe the process by which protein travels from the ER through the Golgi and into secretory vesicles. How is this process controlled so that the correct vesicles coalesce with the correct target organelle?

6.
Muscle cells and neurons are physiologically more similar than one might think. In what ways are these cells similar in their chemical responses?  What types of membrane receptors and channel proteins do both types of cells have?  In what ways are these two cell types different in their chemistry and responses?

7.
The action potential in the muscle cell membrane causes a rise in cytoplasmic Ca2+ levels. Where does this Ca2+ come from?  How does it enter the cytoplasm?  What must the muscle cell do when it is at rest to ensure that this signaling system will work? 

8.
Outline the entire pathway in chemical terms from wanting to move your arm to actually moving your arm. Tell this story using chemical and cellular language as you would for a traditional exam question. Then tell it in simpler terms as you would to a younger sister or brother. Use as many good analogies as you can.

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------

System #4: How does a sperm cell tell an egg it has been fertilized?

    We have studied 3 specific cases of signal transduction: 1) epinephrine bound to a liver cell receptor to tell the cell to put more glucose into the blood; 2) epinephrine bound to a heart cell receptor to tell the cell to contract harder; and 3) neurotransmitters bound to skeletal muscle receptors to tell the muscles to contract. Now we will examine a slightly different situation for signal transduction, fertilization. 

     One thing is certain -- once nature develops a good system (of moving, of secreting, of transporting, of communicating) it keeps using it over and over again. The communication system used by an egg to sense fertilization is an ancient one. So ancient, in fact, that it developed before sea urchins, frogs, fish and mammals diverged from one another during evolution. How do we know this?  Because all animal eggs use the same communication system. Odds are that evolution would not have produced the same communication system twice through random mutation and selection.  Therefore, the system probably evolved before the split and all animals took this good idea with them as they diverged into different species. This communication system is called the inositol triphosphate second messenger system. 

Focused Reading:
p 287-8 " Two second messengers" stop at "Calcium ions are…"




p 288 Figure 15.13

     The inositol triphosphate (IP3) second messenger system uses the same kind of receptor-G protein-enzyme link that the cAMP system does. Except, this time, the enzyme linked to the G protein is not adenylyl cyclase, it is phospholipase C. Like most enzymes, this one tells you what it does. It cuts up a phospholipid. 

     Let's talk a little more about phospholipids. You know that they make up the cell membrane and you know why. They have a hydrophilic "head" that dissolves in the water inside and outside the cell and they have hydrophobic tails that hate water and dissolve in each other in a hydrophobic bilayer. To refresh your memory:

[image: image10.wmf]
     There are many different kinds of hydrophilic molecules that can be added to the phosphate on the phospholipid. These are added at the "R" in the diagram above. Regardless of what is added, these molecules are all highly polar and many of them are charged which greatly increases the hydrophilic nature of the "head" of the molecule. Some examples of molecules that are added to the phosphate group at "R" are serine, choline, and inositol. Phospholipids are named according to the molecule added to the phosphate. All phospholipids start with "phosphotidyl (blank)" and then the name of the added molecule fills in the blank. Thus, if serine were added, the phospholipid would be called phosphotidylserine. If choline were added, it would be called phosphotidylcholine. And if inositol were added, it would be called phosphotidylinositol. 

     Some phospholipids have inositol bis-phosphate added to their phosphate group. "Bis" means "two". So, inositol bis-phosphate is inositol with two phosphate groups on it. When inositol bis-phosphate is added to a membrane phospholipid, the resulting molecule is called phosphotidylinositol bis-phosphate. The abbreviation for this molecule is PIP2. This is the substrate molecule for phospholipase C. PIP2 can be diagrammed simply as follows:



[image: image11.wmf]
     PIP2 sits in the inner layer of the plasma membrane’s lipid bilayer. Like all other phospholipids in this layer, it has its hydrophobic tail embedded in the lipid bilayer and its "head" facing the cytoplasmic side of the membrane. When phospholipase C is activated by G protein, it cuts inositol off of PIP2 in such a way that all the phosphates go with inositol and none remain on the lipid in the membrane. The products of this cleavage look like this:



[image: image12.wmf]
     The inositol with the three phosphates is called inositol triphosphate (IP3). This hydrophilic molecule floats away from the membrane into the cytoplasm where it will act as a second messenger. The other part of the molecule is called diacylglycerol (like triacylglycerol with two instead of three fatty acids chains.)  This is abbreviated DAG. DAG stays embedded in the membrane, but nonetheless also acts as a second messenger. So the cleavage of PIP2 by phospholipase C results in two cleavage products: IP3 and DAG, both of which will now act as second messengers.

Study Questions

1.
Describe or draw a simple diagram (like the ones presented above) of a triacylglycerol, a generic phospholipid, diacylglycerol, phosphotidylinositol bis-phosphate, inositol triphosphate. (If you need more information about lipids and phospholipids, see page 42-44 in your text)

2.
Describe the pathway through which phospholipase C is activated.

3.
Describe the enzymatic action of phospholipase C. What is the substrate for this enzyme and what are the cleavage products of the reaction?  What general function do these cleavage products have in the cell?

---------------------------------------------------------------------------------------------------------------------

     We have all seen those classic films of sperm fertilizing an egg - the egg is surrounded by hundreds of sperm trying to penetrate the egg’s plasma membrane. Why is it that only one sperm cell manages to fertilize an egg? With all those sperm cells trying to reach the same goal at the same time, you would think that at least two might enter the egg at about the same time (polyspermy). If this were to happen, the resulting zygote would be in trouble since it would have 3 haploid genomes (3 copies of each chromosome) instead of the normal 2 copies (we will cover this later in the Section II). An egg with 3 haploid genomes will probably not survive the process of development. 

     Evolution is a process of natural selection; natural selection allows those with favorable traits or abilities to reproduce. This results in advantageous traits or abilities being maintained in the population while less advantageous ones may disappear. Natural selection plays a part in all levels of molecular and cellular biology and fertilization is no exception. Any egg (i.e. organism that produces this egg) that has “learned” how to permit only one sperm to fertilize it will be more likely to produce a new individual that will have the same selective advantage its mother had which will in turn result in more successful matings for the mother’s offspring. 

     So the question remains how has evolution (natural selection) given rise to an egg that permits only one sperm to fertilize it? Evolution is not a wasteful process. In fact, evolution was the first to recognize the importance of recycling. We have talked about G proteins that were coupled to receptors, which resulted in the production of cAMP as a second messenger. To “invent” a new second messenger system to facilitate signal transduction, evolution thought to herself, “How can I move across the plasma membrane the information that a sperm has arrived while not having to come up with a totally new mechanism?” The answer is beautiful in its similarity, or homology, to the cAMP messenger system but with a subtle twist to achieve a very different set of responses. 

Focused Readings:

p 76-77 “Animal cells…” to end of chapter





p 734-36 "Sexual reproduction " stop at "Oogenesis…"






Figures 42.3, 42.4, 42.9





p 753-4 “Fertilization…” stop at “The sperm…"







Figures 43.1, 43.3, 43.4

WWW Readings:

Immunofluorescence Labeling of ER





Movie of Calcium During Fertilization





Movie of Flash Animation: 






"Mechanism for IP3 production and Ca2+ ion wave"








Purves6e, Ch43, Tutorial 43.1 Fertilization in the Sea Urchin



More links to help you visualize this process. They are all part of the same web site "Bill Wasserman's Developmental Biology Webpage" from Loyola University. Once at the site check out the following selections:  http://www.luc.edu/depts/biology/dev.htm 



Mammalian Oocyte Egg Ovulation: #2 Mammalian Egg







Sea Urchin Egg Fertilization: #4 Acrosome Animation



Egg activation: #3 Cortical Granule Exocytosis

     An egg is just like any other cell in many ways. It has a plasma membrane, a nucleus, a Golgi apparatus, and an endoplasmic reticulum. The egg also has many unique features including the vitelline layer (also called the zona pellucida) which is an extracellular matrix (analogous to a plant cell wall) that contains many copies of a sperm-binding protein (called ZP3; the third protein discovered in the zona pellucida) which functions a receptor. ZP3 interacts with bindin proteins on the surface of sperm cells and initiate the acrosomal reaction. ZP3 is as specific as any other receptor we have studied; it will only bind ligands present on the surface of sperm from the same species as the egg. For example, rat sperm proteins will not bind to ZP3 on frog eggs. Interaction between ZP3 in the vitelline layer and ligands on the sperm head cause the two cells to fuse. Many different types of receptors in the sperm's plasma membrane trigger this fusion: some are protein kinases and others activate G proteins. The bottom line is the sperm is told by its receptors that it is timed to fuse with the egg.

     Over time, evolution has selected eggs that have developed two separate mechanisms to prevent polyspermy, a fast block (an electrical barrier) and a slow block (a physical barrier). 

[image: image13.wmf] 

     When the plasma membrane of the sperm first fuses with the plasma membrane of the egg, there is a change in the membrane potential of the egg cell. As we saw in muscles, egg cells have a resting potential of about -60 mV with a higher concentration of Na+ ions outside the cell than inside. Fusion of egg and sperm membranes causes Na+ channels in the plasma membrane of the egg to open. Although the exact gating mechanism for opening these Na+ channels is unknown, the result is predictable. Na+ ions rush into the egg, down their concentration gradient, which changes the membrane potential from   -60 mV to about +30 mV. For unknown reasons, this change in polarity prevents sperm from fusing and thus is a fast acting block to polyspermy. 

     The second block to polyspermy is where IP3 is used but it is interesting that evolution has selected organisms that have two ways to block polyspermy. Can you imagine why you would need a second one, given the nature of the first? The second block to polyspermy will create a physical barrier to sperm entry rather than an electrical one. 

     If you were to examine an unfertilized egg in cross section, you would see lots of small vesicles, cortical granules, just below the plasma membrane. Inside the cortical granules are proteases, and mucopolysaccharides. During fertilization these cortical granules to fuse with the plasma membrane of the egg and, as we saw in neurotransmitter release, the contents of the vesicles is released into the adjacent extracellular space (exocytosis). The exocytosis of cortical granule contents causes two significant events to happen in close succession: 1) the proteases digest the proteins linking the vitelline envelope to the extracellular face of the egg’s plasma membrane and probably disrupts the integrity of the unoccupied sperm receptors too; 2) the mucopolysaccharides increase the osmotic pressure in the small space between the vitelline envelope and the plasma membrane (we’ll talk about osmotic pressure later) which makes water rush in which, like a hydraulic lift, causes the vitelline envelope to be pushed away from the plasma membrane. By pushing the vitelline envelope away from the egg’s plasma membrane, a physical barrier has been created to prevent any more sperm from fusing with the egg.

     Now that we know the cortical granules are capable of causing the physical block to polyspermy, we are still left wondering how the egg knows when to signal the cortical granules that one sperm has fused with the egg. This is where IP3 comes into the picture. The sperm plasma membrane proteins interact with the sperm receptor in a manner similar to the cartoon (not drawn to scale) in the diagram below:
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     When the sperm receptor binds its ligand (ZP3), the receptor changes shape, activates the associated G protein, which stimulates phospholipase C, which cleaves phosphotidylinositol bis-phosphate into two parts: IP3 and DAG. IP3 is a second messenger that diffuses throughout the cytoplasm where it eventually bumps into the IP3 receptor located in the ER membrane. The IP3 receptor is a homotetramer (made of 4 identical subunits). The IP3 receptor has a very high affinity for IP3 and so IP3 binds to its receptor and acts as an allosteric modulator. Each subunit has at least three allosteric binding sites; one IP3 molecule and two calcium ions all have to bind to each subunit of the receptor. Calcium and IP3 modulate the IP3 receptor, which is also a ligand-gated Ca2+ channel, causing the normally closed channel to open. As we know, the ER is a rich source of Ca2+ ions. So, Ca2+ flows down its concentration gradient out of the ER into the cytoplasm. This elevates the concentration of Ca2+ ions in the cytoplasm, which is the signal, required to cause the cortical granules to fuse with the plasma membrane. (You should reflect upon the number of similarities between this second messenger system and that used by neurons to secrete neurotransmitters.) As shown in your web reading this Ca2+ signal is propagated as wave, from the point of sperm penetration through the entire egg. The wave of Ca2+ creates a wave of cortical granule exocytosis that results in the entire egg being surrounded by a physical block to polyspermy. However, the wave of Ca2+ is not caused by a wave of IP3. Instead, there is a recently discovered phenomenon called Calcium Induced Calcium Release (CICR) which is responsible for the wave of Ca2+. The IP3 created by phospholipase C causes just enough Ca2+ to be released from the ER to trigger CICR from adjacent Ca2+ channels in the ER. This is analogous to the way an action potential is propagated in a neuron but this time it is Ca2+ instead of Na+ ions. Exactly how this CICR works is an area of intense research. But what is clear is that in this system, Ca2+ has two functions: 1) to allow cortical granules to fuse; and 2) to spread information to adjacent areas that one sperm has entered the egg. However, as with all second messengers, we need a way to turn off the signal. When calcium levels reach a certain level (usually 1 - 10 seconds later), calcium ions cause the IP3 gated channels to close. Therefore, the same ions that are used to open the channel also act to close it. The only difference is the concentration of ions. It seems likely that an additional allosteric site exists that has a lower affinity for calcium and this site is used to close the ion channel.

     In summary, the sperm binds to its receptor; this initiates a chain reaction of enzymes (each of which can amplify the original single event) which results in the formation of the second messenger of IP3. IP3 binds to its receptor, causing it to open the Ca2+ channel so that Ca2+ floods into the cytoplasm (Ca2+ acts the third messenger), causing the cortical granules to dump their contents between the plasma membrane and the vitelline envelope, causing the vitelline envelope to rise up and create a physical block to additional sperm entering the egg. 

NEWS ITEM: Many researchers have tried to determine the identity of the ZP3 receptor and the results are inconclusive. So far, three proteins bind to ZP3, but it is not clear if all three are necessary. Rest assured, many people are trying to figure this out since there could be an effective birth control application once we know the complete story. (See Developmental Biology, 5th Edition, by Scott Gilbert.)

Fertilin , sperm plasma membrane protein, is required for the sperm and egg to adhere. A group in Research Triangle Park, NC collaborating with one at UC-Davis has identified that this protein is necessary for sperm binding AND for sperm motility. Without fertilin  the sperm never makes it out of the uterus to the oviduct (where the egg is). How these two functions are related is not known but it looks like another avenue for reproductive scientists. C.Cho et al. 1998 Science vol 281 p 1857-59. 

A group of collaborating scientists (Massachusetts, California, France and Mexico) has added to the ZP3 story. Their work demonstrates that ZP3 is involved in calcium regulation more than one time. When ZP3 signaling is initiated it triggers a very quick and transient opening of Ca2+ channels. If ZP3 signaling continues, the pathway activates a sustained Ca2+ influx mechanism and this sustained increase in Ca2+ drives the acrosome reaction.

O'Toole, C.M.B. et al. 2000 MBC vol 11 p 1571-84. 

Study Questions:
1) At which steps can the signal cascade be amplified and how does this amplification work?


2) Explain to a high school student the molecular events of the slow block to polyspermy.


3) Why does an egg need the second and slower block to polyspermy?


4) Explain how the egg uses a “third” messenger signal of Ca2+ twice.


5) In some of your focused reading, the text discusses how DAG is used as a second 
messenger. Explain how this second messenger is used in fertilization.

6) Compare and contrast: 1) a cardiac muscle’s response to epinephrine, 2) depolarization leading to a neuron’s secretion of neurotransmitters, and 3) an egg’s response to fertilization.

7) List the similarities between a neuron communicating with a muscle and an egg trying to block polyspermy.


8) Explain how calcium is used to both open and close the IP3 receptor.


9) How does cytoplasmic calcium return to resting levels? 


10) How can the fertilization signal be deactivated? 

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------

NEWS ITEM: The molecular events in excitation-contraction of cardiac muscles have been visualized for normal and dysfunctional hearts. The key difference seems to be in the degree of CICR in the two situations. (Science Vol 276: 755. May 1997)
Many cells use the inositol triphosphate second messenger system. Here are a few examples:

The secretion of a digestive enzymes for carbohydrates by the pancreas (pancreatic amylase) in response to nervous system simulation.

The contraction of smooth muscle (involuntary muscle in internal organs and blood vessels) triggered by acetylcholine. 

The secretion of insulin by pancreas in response to elevated plasma glucose levels

The secretion of histamine by mast cells when you have a cold or an allergy

The secretion of blood clotting factors by platelets when you are bleeding

The response of the immune system to bacterial invasions

OTHER COMMUNICATION SYSTEMS

     It could be true that the majority of cells communicate through the 4 systems you have looked at here -- the cAMP second messenger system, the inositol triphosphate second messenger system, membrane voltage changes including action potentials and various method of producing elevated cytoplasmic Ca2+ concentrations. However, we have only scratched the surface in our knowledge of the cell and how it communicates so we will probably discover many additional ways that cells talk to one another. Here is a brief summary of some of the other systems of intracellular communication we now know something about:

The cyclic GMP second messenger system: Some cells use a second messenger system very much like the cAMP system where cyclic GMP is used instead of cAMP. cGMP is created by the enzyme guanylyl cyclase (analogous to adenylyl cyclase) which is activated by a G protein system. Probably the most well investigated cGMP system is found in the photoreceptors (the rod cells) in the retina. In the dark, cGMP is bound to Na+ channels in the cell membrane, keeping them open. When light strikes a rod cell, cGMP phosphodiesterase is activated, thus degrading cGMP to GMP. GMP disassociates from the Na+ channel thus causing it to close. The opening and closing of this ligand-gated Na+ channel causes voltage changes in the rod cell plasma membrane which are propagated toward the brain, thus allowing one to sense light. 

NEWS ITEM: Viagra, the 'wonder drug' for those suffering from erectile dysfunction is actually a phosphodiesterase inhibitor (it inhibits PDE5). Similar to the cAMP phosphodiesterase we learned about earlier, PDE 5's function is to breakdown cGMP into GMP. With Viagra around cGMP levels remain high and promote erection.  Some not-so-well known Viagra facts are 1) it was originally developed to combat angina, 2) it is not an aphrodisiac and 3) it can cause distorted color vision. Why the vision change? Not because the users see the world through rose-colored glasses--because the eye uses cGMP as a 2nd messenger and Viagra also binds to PDE6, the phosphodiesterase found in the retina.

Stretch-activated ion channels: More properly called mechanosensation, the transformation of a physical stimulus to an electro-chemical signal is mediated by stretch-activated ion channels. These ion channels are responsible for our ability to hear, feel, and maintain our balance. These same mechanosensors enable our cells to “be aware” of their volume. These ion channels have been cloned recently, and will provide a great deal of understanding to this relatively unexplored area of sensations. (See Corey and García-Añoveros. Science. Vol. 273: 323-324. 19 July, 1996.)

Gap Junctions: Some cells communicate with one another directly, without the use of a chemical messenger. These cells are actually coupled to one another through proteins in their membranes called gap junctions. Gap junctions are like giant ion channels that allow small cytoplasmic molecules to pass directly from the cytoplasm of one cell to the cytoplasm of the adjoining cell. Heart muscle cells communicate this way, thus allowing the heart to contract as a unit. Many other cells communicate in this fashion as well.

Catalytic Receptors: Some receptors are enzymes themselves, and are therefore called catalytic receptors. An example of such a receptor is the receptor for insulin on muscle and fat tissue. When insulin binds to this receptor, it changes shape (sound familiar?) and this change in shape increases the enzymatic activity of the cytoplasmic tail of the receptor. The receptor then autophosphorylates, that is, it adds a phosphate to itself. Because this part of the molecule phosphorylates, it is called a kinase. And because it adds the phosphate at a tyrosine residue in its own structure (tyrosine is an amino acid), it is said to be a tyrosine kinase (an enzyme than phosphorylates tyrosine.)  When insulin binds to its receptor, it causes a number of changes in the cells that include stimulating the transport of glucose into the cell and stimulating glycogenesis and the synthesis of triacylglycerol. Interestingly, several genes associated with the development of cancer (called oncogenes) have been shown to encode defective tyrosine kinase receptors. (We will cover this in detail in Unit IV.)  For instance, the normal receptor allowing response of epidermal cells (skin cells) to the chemical messenger epidermal growth factor is a receptor with tyrosine kinase activity. The cancerous version of these proteins lacks the extracellular binding site for epidermal growth factor, but still has the tyrosine kinase part on its cytoplasmic tail. Without the binding site, the tyrosine kinase is always on, thus stimulating too much cell division.

Eicosinoids:  These signaling molecules come in three varieties: prostaglandins, leukotrienes, and thromboxanes. Prostaglandins mediate pain and inflammation (aspirin works by inhibiting the enzyme that produces prostaglandins). Leukotrienes mediate some of the immune aspects of inflammation. And thromboxanes facilitate blood clotting. Note that the eicosinoids are all involved in responses to injury. These molecules are actually derivatives of the fatty acid arachidonic acid. This makes them very unusual. They are produced by the cell membrane of injured or oxygen-starved cells and they mediate the inflammation, swelling, pain and blood clotting associated with injury.

Steroid Hormones: The hormones, neurotransmitters, and sperm cell proteins we have looked at in this unit are all hydrophilic -- they therefore cannot cross the hydrophobic cell membrane and must remain on the outside of the cell. However, steroid hormones (testosterone, estrogen, progesterone, cortisol, and aldosterone) are lipids. Therefore, they are freely soluble in the cell membrane and they cross into the cell. Their receptors are floating in the cytoplasm or the nucleus. The steroid hormones bind to their receptor, which then changes shape. The hormone-receptor complex then binds directly to control regions of genes in the chromosomes and causes these genes to be expressed (or stop being expressed.) These hormones tend to be slow acting and produce long-term changes.

NEWS ITEM: A new family of about 100 genes has been discovered that function as human pheromone receptors. These receptors reside in the part of your nose that you might not know about called the vomeronasal organ. This organ is responsible for the perception of “odors” that we are not conscious of such as pheremones. Pheromones are usually fatty acids or steroids and their receptors appear to span the membrane 7 times and are linked to G-proteins. (see Science Vol. 278: 79. October 1997)
 Fatty Acid-Based Signal Molecules: It turns out that plants are not as helpless as we vertebrates think. When corn is attacked by beet army-worm caterpillars, the injured plants release a mixture of chemicals called terpenoids which are fatty acids (same family as the long tails of phospholipids and DAG). These terpenoids are released into the air and attract a parasitic wasp which kills the armyworm caterpillars. Terpenoids also stimulate certain genes in the plants to fix the wound created by the caterpillars much the same way we produce scabs to seal wounds from possible infections. (See summary in Science Vol. 276: 912. May 1997)

Nitric Oxide: The cellular and molecular biology community is currently all abuzz about this newly discovered second messenger signaling system. Nitric oxide is a gas (not the same one the dentist gives you -- that's nitrous oxide.)  This small molecule, which lasts only milliseconds inside a cell, nonetheless acts as a second messenger and triggers many interesting changes. A report in 1996 revealed that the levels of NO plays a role in the degree of symptoms when a person is infected with malaria.

NEWS ITEM: The binding of oxygen to hemoglobin promotes the binding (allosteric modulation) of nitric oxide to a particular amino acid on the beta chain of hemoglobin. When oxygen is released from the hemoglobin molecule, the modulated hemoglobin changes shape. In this modulated but deoxygenated state, hemoglobin can cause blood vessels to become larger in diameter which results in increased blood flow. Therefore, NO increases the function of hemoglobin from simply a carrier of oxygen, to a modulator of blood flow so that areas of low oxygen will receive more blood. (Science Vol. 276: 2034. June 1997)
Study Questions:

1.
In general, how do cells communicate?  In answering this very big question in a manageable way, you cannot include very many details (although you might want to include a few examples) Rather, think about what central points you want to make. Think about this answer on many levels -- Explain it to me, explain it to a classmate in this class, explain it to a Davidson student who has taken no biology since high school, explain it to your parents, and explain it to a child. Use good analogies when appropriate.

2.
One of the basic tenets in cellular communication is that different cells respond in different ways to the same chemical signal. Using systems you have studied in this unit, give an example illustrating this point.

3.
Second messenger systems have been studied extensively by cancer researchers because cancer cells ignore normal messages that tell them to stop dividing. Genes associated with the development of cancer are called oncogenes ("onco" means cancer, as in oncology.)  One set of such genes called the ras genes (because they were discovered in a cancer called a rat sarcoma) code for the production of an abnormal G protein. The G protein has a slightly different amino acid sequence than the normal G protein. As a result, it cannot catalyze the cleavage of GTP to GDP by the G protein. Based on what you know about G proteins, explain how this abnormal G protein might produce uncontrolled growth in a cancer cell.

4.
Over 70 different cellular protein kinases have been isolated and identified. What do all these kinases have in common?  Choose three different protein kinases presented in this unit and compare and contrast their functions. What turns each of them on?  What do each of them do?  In what ways are these processes similar?  In what ways are they different?

5.
Myasthenia gravis is a disease, which produces a progressive weakening of skeletal muscles and ultimate paralysis. It is an autoimmune disease caused by the development of antibodies to the acetylcholine receptor. These antibodies bind to the receptor in such a way that they do not activate it, but they block the binding site for acetylcholine. (By the way, this is the same mechanism that the drug curare uses to produce paralysis.)  Explain, in molecular and cellular terms, how this disease causes paralysis. What type of paralysis would result from this illness, flaccid (no contraction possible) or rigid (muscles permanently contracted)?

6.
Certain types of "nerve gas" and pesticides act by blocking the action of acetylcholinesterase in the synaptic clefts and neuromuscular junctions. These agents produce paralysis. Explain, in molecular and cellular terms, how these agents produce paralysis. What type of paralysis would result from exposure to these agents, flaccid or rigid?  Explain.

7.
One of the most deadly poisons known is a toxin produced by the bacterium Clostridium botulinum, the organism that causes botulism. This toxin blocks the release of acetylcholine from nerve endings. How do you think this toxin kills you?  Describe some of the symptoms you think would be produced by this toxin and explain how the blockage of acetylcholine secretion would produce such symptoms.

8.
Summarize the role played by the cytoskeletal components in the systems you have studied so far.

9.
While intercellular signaling systems differ in their details, they are all based on some common functions that are fundamentally important in all signaling systems. What do you think are the three or four phenomena that occur most consistently in cellular signaling systems and upon which cellular signaling is based?




SOME EXPERIMENTAL APPROACHES

     The approaches and methods used to investigate the biology of cells and their communication processes are numerous and most are beyond the scope of this course. However, as a starting point, I have chosen a few basic methods upon which many others are based.

Microscopy -- The Direct Approach

     Thanks to the Dutch lens grinders of the 17th century, we can see prokaryotic and eukaryotic cells simply by looking through a microscope. Because most animal cells are clear as are most of the parts of plant cells (only the chloroplasts and chromoplasts are colored), cells usually need a little help in order to be seen through the microscope. Without this help, they would be like small panes of glass -- present, but transparent. Several methods are available. The simplest is staining the cell to make it colored. Other methods allow the microscope to distinguish differences in structures due to their different abilities to defract light. For example, in phase contrast microscopy (we’ll see this in lab), some structures will appear dark while others will appear light due to differences in defracted light. Finally, dyes that fluoresce when excited by light can be used to label organelles and molecular components of cells. These dyes are observed with a fluorescence microscope (See page 72 and 73 for examples).

     Even with the most expensive optics available, the light microscope can only magnify about 1500 times. This is enough to allow one to see cells, but not enough to allow a clear view of most organelles and cellular inclusions. For that, you need a source of electromagnetic radiation that has a much shorter wavelength than light. In the 1950s, engineers perfected the electron microscope which uses electrons instead of light to produce images. This method is described on page 71 of your text.  The transmission electron microscope allows the clear definition of cellular organelles and inclusions (such as cortical granules, microfilaments, etc.). Viruses can also be seen with this type of microscope. Using special methods, very large macromolecules can also be visualized (e.g. transport proteins in the cell membrane.) Some examples are found on pages 60 and 61

For fun (ok stop laughing) check out the Purves6e Ch4 Activity 4.3 ‘Know your techniques’ #15 shows sickled blood cells—we’ll be discussing the genetic mutation that causes this shape change in the next unit.

Isolating Living Cells for Experimentation -- Cell Culture

     Most plant and animal cells can be kept alive for some time outside the host if they are maintained in conditions that mimic those of the body fluids. Cells are placed in culture medium which is a fluid designed to provide all the nutrients, salts, vitamins, etc. that the host normally provides in the right concentrations and at the right pH. If you can get cells to live in cell culture, you can do some pretty fancy experiments on them. For example, if you put muscle cells in culture medium that contains high levels of Ca2+, nothing will happen because the living muscle cell can pump Ca2+ out of its cytoplasm as fast as it enters. However, if you then add a Ca2+ ionophore to the medium (an ionophore will insert itself into the cell membrane and create an artificial ion channel which cannot be closed), the cell will contract. This indicates that high levels of intracellular Ca2+ trigger muscle contraction. By this approach, you could determine the concentration of Ca2+ necessary to elicit contraction. If you wanted to see that the concentration of an ion had actually changed inside a cell, you might use an ion-sensitive dye that will glow in the dark when it selectively binds to its ion. 

Focused Reading: 

p 206 fig 11.9 research method 





p313 fig 17.2





p 312-313 “Gel electrophoresis” stop at ‘Recombinant…”

WWW Reading:

Gel Electrophoresis Methodology

Isolation of Organelles, Cellular Inclusions, and Other Cell Parts

     Sometimes it is beneficial to isolate part of a cell for study. For instance, if you are interested in a protein found only in the plasma membrane, it may be helpful to isolate the plasma membrane from the rest of the cell. Or if you are interested in ribosomes, you may wish to isolate them from the rest of the cell. All these cell parts are called subcellular fractions and they can be isolated using a method called cell fractionation using a centrifuge or an ultracentrifuge. A centrifuge ‘spins’ samples like a washing machine or the achine they use to train astronauts. The potential separation power of ‘spinning’ is seen in Figure 11.9 (p206). Density gradient centrifugation is used to separate pieces of DNA that have nucleotides that vary slightly in weight.

Isolation of Proteins by Molecular Sieves

     Quite frequently, it is necessary to isolate a single protein from a cell. One method that is commonly used to do this is gel electrophoresis. In this method, a bunch of cells are homogenized to release all proteins. The cellular proteins are then usually dissolved in a detergent that covers them with negative charge. When these proteins are put in a gel (like a slab of Jello) and a voltage is placed across the gel (one end of the gel is made negative (the cathode) and the other end is made positive (the anode), the negatively charged proteins move toward the anode. Just like people in a thick forest, the smaller they are, the quicker they can move through the obstacle course of the gel to get to the anode. Thus, the smaller proteins move faster than the larger proteins and the proteins of the cell separate by size or molecular weight. This method, applied to DNA, is described on page 13 of your text and is very similar when applied to proteins.

     If you want to study a protein further after it has been isolated, gel electrophoresis is not such a good method because detergent is very harsh on proteins and frequently destroys their native conformation during the separation process. A better method is one form of chromatography in which proteins are poured over a matrix in a glass tube (the tube length can range from 2 inches to 5 feet and the diameter from 0.25 inches to 3 feet.)  The proteins are not treated to cover them with negative charge, as in electrophoresis, so they retain their native conformations. The proteins enter the matrix and, this time, the larger proteins get through the matrix first while the matrix retards the movement of smaller proteins so they come out last. This is because the matrix is made of small “beads” that contain tiny holes or channels, which the small proteins are small enough to enter, but the large proteins are too big to fit into. The small proteins spend a lot of time wandering around in these channels and it takes them a long time to get through the entire matrix. The large proteins cannot get into the channels so they continue through the tube on the outside of the beads (in the space between the matrix particles). By taking this alternative route, they get to the bottom of the tube rapidly. Thus, the proteins are separated by size and maintain their native conformations and therefore can be used for further study. This type of chromatography can be diagrammed as follows:

[image: image14.wmf]
-------------------------------------------------------------------STOP-------------------------------------------------------------------------------

Focused Reading:
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Fig 19.13

WWW Reading:

Cartoon of Immunofluorescence Method

 Identification of Proteins with Antibodies (Abs)

    Since proteins do most of the meaningful work of living creatures, it is extremely important to biologists to be able to isolate and identify individual proteins. This can be done in a number of ways. One commonly used method involves the use of antibodies that bind to proteins with great specificity. When a foreign protein is injected into an animal (e.g. rabbit albumin into a mouse or goat insulin into a rabbit) the animal's immune system recognizes this foreign protein and interprets it as a microbial invader. (The immune system recognizes foreign molecular shapes whether they are harmful or not. Thus, you can get allergic reactions (an immune response) to pollen even though pollen can't harm you.)  This immune response to the foreign molecule produces antibodies (which are proteins) which bind specifically to the foreign protein (called an antigen.)  Antibodies have active sites, like enzymes, and the antigen is the ligand that binds there. The production of antibodies for research can be diagrammed as follows:

[image: image15.wmf]
     So, you can raise these specific antibodies against a protein you might be interested in studying and use the antibody as a probe for that protein since it will bind specifically to that protein and no other. You can probe for proteins in situ, which means that they are still in their normal location within the intact cell. The identification of proteins in situ using antibodies is called immunocytochemistry or immunohistochemistry. You can also remove the proteins from the cell, separate them by electrophoresis (see above), and then apply the antibody probe for the protein. This method is called an immunoblot (or a western blot in the vernacular). 

Identification of Specific Proteins Through the Use of Radiolabelled Ligands

     This method uses radioactivity to identify specific proteins. While there are many variations on this method, the basic idea is this. You buy or synthesize a ligand that contains a radioactive element. For instance, if you wanted to study the acetylcholine receptor, you would obtain radiolabelled acetylcholine. This acetylcholine could contain radioactive hydrogens (called tritium) or radioactive carbon (14C) or an additional radioactive element (such as iodine - 125I) could be added. These radioactive elements are isotopes of the non-radioactive elements. Isotopes are described on page 19 of your text.

     These radioligands (in this case, radiolabelled acetylcholine) can be bound to various kinds of cells to determine whether they bear the ligand's receptor. For instance, if you wanted to know if liver cells have acetylcholine receptors in their membranes, you would incubate radiolabelled acetylcholine with liver cells. If they bind the ligand (i.e. if the cells become radioactive), then you can assume (if your experiment is properly controlled) that they are radioactive because they bound the ligand. This should mean that they have acetylcholine receptors. If they don't become radioactive, then they don't have acetylcholine receptors. You can also use this procedure to determine the concentration or density of a receptor in a membrane. Therefore, you can use this method to see if receptor densities change over time as you subject the cell to various treatments.

     This method was used by Drs. Candice Pert and Sol Snyder in order to identify the receptors in the brain that bind (and respond to) opiates such as heroine. Through the use of this method (and others), we now know that we make internal or endogenous opiates called endorphins which reduce pain and may have other beneficial effects.

Molecular Models and Computer Graphics

     One of the most exciting new methods in biology is the ability to build fairly accurate, complex 3-dimensional models of proteins based on computer analysis of data obtained by x-ray crystallography. This method is described on page 247 in your textbook. Because it is difficult to crystallize many important molecules, their 3-D structure at the atomic level (in their native conformation) remains illusive. However, if we learn enough about how amino acid sequence translates into 3-D structure, we may be able to predict (or teach a computer how to predict) the 3-D structure of a protein from its primary amino acid sequence. Because the amino acid sequence of proteins is becoming much easier to obtain (through the remarkable progress being made in molecular biology), this would be a tremendously important breakthrough and would give us new worlds of information about how living things function.

Focused Reading:
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p 263
Fig 12.1

WWW Reading:

Movie of Microinjection 

Use of Genetic Mutants

     Because mutations are changes in the DNA that can alter the activity of one protein, they can be used to identify the protein responsible for a specific function. For instance, scientists have used genetic mutants to study the process of membrane traffic in the cell. Using mutant yeast, investigators have identified several mutant strains that each have one important protein altered. For instance, let's say Mutant strain #1 is missing Protein #1. Investigators find that this mutant strain cannot transport protein from the ER to the Golgi. Mutant #2 is missing Protein #2. This mutant strain cannot transport protein from the Golgi to the secretory vesicle. Thus, by identifying the protein that is missing and correlating it with the functional deficit in the cell, investigators can determine the proteins that are responsible for each step in a biological process. We will use genetic mutants to screen compounds to see if they are mutagens. We will perform this experiment (called the Ames test) later in the semester.

Microinjection

     There is a very difficult, and labor intensive method to place a molecule of interest inside a particular cell and this method is called microinjection. As the name implies, you take a very small needle, usually made of a glass tube that has been pulled to a very fine point, attach the needle to a syringe, and inject a cell with a very small volume of solution which contains your favorite molecule. Typical molecules that are injected include DNA, RNA, antibodies, and proteins that have been purified from other cell types. 

Study Questions:

1.
Be able to describe each of the techniques outlined above.

2.
If you had all of these methods available to you in the lab, how would you go about answering the following questions?  Note:  Just because a method is available does not mean it is the best approach to the problem. In each case, choose the method or methods that you think provide the most efficient route to an interesting and substantive answer.

A.
Do plant cells use cAMP second messenger systems?

B.
Is Ca2+ involved as an intracellular messenger in the secretion of saliva from the salivary glands?

C.
The microfilaments (actin and myosin) in vertebrate muscle cells are aligned in organized units which produce contraction as described by the sliding filament theory (outlined above). Are the microfilaments of the muscle cells of insects aligned in the same manner?

D.
Some forms of breast cancer are stimulated by estrogen (a female sex hormone). Do these breast cancer cells have a higher concentration of estrogen receptors than normal breast cells?

E.
Plant cells secrete the cell wall. Is the secretion of the cell wall constitutive or regulated? 

F.
What proteins mediate each of the steps that lead from ligand binding to cell division in fat cells?

G.
Plants and animals both use the inositol triphosphate second messenger system which requires the use of phospholipase C. Is the phospholipase C used by plant cells similar in molecular weight and three-dimensional structure to the phospholipase C used by animal cells?

H.
Does the Ca2+pump in the SER membrane have the same molecular weight as the Ca2+ pump in the plasma membrane?   

-------------------------------------------------------------------STOP-------------------------------------------------------------------------------
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