Cyclic AMP

c-AMP:

The cyclic nucleotides cGMP and cAMP are second messengers that carry signals from the cell surface to proteins within the cell, and are found widely in eukaryotes. 
Frequently, they act to stimulate protein kinases, and they are rapidly broken down in cells (to terminate the signal) by enzymes called phosphodiesterases. 

cAMP directly stimulates tubules in vitro, because it is actively transported into the cytoplasm. Ultimately, the target of the cAMP pathway is the apical V-ATPase of the principal cell. In the fly, however, is is probably generated by hormone action on a receptor that activates the enzyme adenylate cyclase. 

· Tubules are stimulated by cAMP 
· Tubules are stimulated by forskolin, an adenylate cyclase activator 
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Cyclic AMP is a key second messenger that mediates the intracellular effects of several hormones and has been shown to play a key role in regulating tone as well as growth in various cells. Because, hormones play a key role in regulating the reproductive system it is feasible that they may induce their effects, in part, via the generation of cyclic AMP. Cyclic AMP is rapidly metabolized to adenosine by ecto- and endo-phosphodiesterases and adenosine can further bind to the adenosine receptors and induce cAMP as well as other pathways depending on the expression of adenosine receptor type. Because, adenosine has been shown to influence sperm motility, we hypothesize that hormone stimulated adenosine generation via the cAMP-adenosine pathway within the oviduct may play an important role in regulating the fertilization process. To investigate the role of cAMP-adenosine pathway we will study the effects of cAMP and adenosine in the presence and absence of selective adenosine receptor anatgonists and agonists as well as inhibitors of ecto- and endo-PDE s, on oviduct cell growth, generation of oviduct-derived factors and on sperm motility. More Information 

Cyclic AMP is an important second messenger. It forms, as shown, when the membrane enzyme adenylyl cyclase is activated (as indicated, by the alpha subunit of a G protein). 

The cyclic AMP then goes on the activate specific proteins. Some ion channels, for example, are gated by cyclic AMP. But an especially important protein activated by cyclic AMP is protein kinase A, which goes on the phosphorylate certain cellular proteins. The scheme below shows how cyclic AMP activates protein kinase A.

Second Messengers

Second messengers are molecules that relay signals received at the cell surface such as 
the arrival of protein hormones, growth factors, etc. at receptors there

to target molecules in the cytosol and/or nucleus. 

But in addition to their job as relay molecules, second messengers serve to greatly amplify the strength of the signal. Binding of a ligand to a single receptor at the cell surface may end up causing massive changes in the biochemical activities within the cell. 

There are 3 major classes of second messengers: 

1. cyclic nucleotides (e.g., cAMP and cGMP) 
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inositol trisphosphate (IP3) and diacylglycerol (DAG) 

3. calcium ions (Ca2+) 

Cyclic Nucleotides

Cyclic AMP (cAMP)

Some of the hormones that achieve their effects through cAMP as a second messenger: 

· adrenaline 

· glucagon 

· luteinizing hormone (LH) 

Cyclic AMP is synthesized from ATP by the action of the enzyme adenylyl cyclase. 

· Binding of the hormone to its receptor activates 

· a G protein which, in turn, activates 

· adenylyl cyclase. 

· The resulting rise in cAMP turns on the appropriate response in the cell by either (or both): 

· changing the molecular activities in the cytosol, often using Protein Kinase A (PKA) - a cAMP-dependent protein kinase that phosphorylates target proteins; 

· turning on a new pattern of gene transcription. [View mechanism]

Cyclic GMP (cGMP)

Cyclic GMP is also synthesized from ATP but using another enzyme guanylyl cyclase. 

Cyclic GMP serves as the second messenger for 

· atrial natriuretic peptide (ANP) 

· nitric oxide (NO) 

· the response of the rods of the retina to light. [Discussion] 

Some of the effects of cGMP are mediated through Protein Kinase G (PKG) - a cGMP-dependent protein kinase that phosphorylates target proteins in the cell
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diacylglycerol (DAG)

The hormones 

· vasopressin, 

· thyroid-stimulating hormone (TSH), and 

· angiotensin
bind to G-protein-coupled receptors (GPCRs) that activate the intracellular enzyme phospholipase C (PLC). 

As its name suggests, it hydrolyzes phospholipids - specifically phosphatidylinositol-4,5-bisphosphate (PIP2) which is found in the inner layer of the plasma membrane. Hydrolysis of PIP2 yields two products: 

· diacylglycerol (DAG) 
DAG remains in the inner layer of the plasma membrane. It recruits Protein Kinase C (PKC) - a calcium-dependent kinase that phosphorylates many other proteins that bring about the changes in the cell. 

As its name suggests, activation of PKC requires calcium ions. These are made available by the action of the other second messenger - IP3. 

· inositol-1,4,5-trisphosphate (IP3) 

· This soluble molecule diffuses through the cytosol and 

· binds to receptors on the endoplasmic reticulum causing 

· the release of calcium ions (Ca2+) into the cytosol. 

· The rise in intracellular calcium triggers the response. 

Example: the calcium rise is needed for NF-AT (the "nuclear factor of activated T cells") to turn on the appropriate genes in the nucleus. [Discussion] 

The remarkable ability of FK506 and cyclosporine to prevent graft rejection is due to their blocking this pathway. 

Calcium ions (Ca2+)

As the functions of IP3 and DAG indicate, calcium ions are also important second messengers in the cell. 

Normally, the level of calcium in the cell is very low. However, its level can rise dramatically from 

· voltage-gated channels in the plasma membrane that allow it in from the extracellular fluid or 

· from depots within the cell such as the endoplasmic reticulum and mitochondria. 

Some examples of functions mediated by a rise in cytosolic calcium ions: 

· muscle contraction; 

· release of neurotransmitters at the synapse. 

· a variety of biochemical changes mediated by Protein Kinase C (PKC) - a calcium-dependent enzyme that phosphorylates target proteins within the cell. 

adenosine monophosphate, Biochemistry:

adenosine monophosphate (AMP)[uden´usEn mon´´ufos´fAt] Pronunciation Key, organic compound composed of an adenine base, the sugar ribose, and one phosphate unit. AMP is one of the possible products of the hydrolysis of adenosine triphosphate (ATP) and is therefore important in the transfer of chemical energy during anabolism. Cyclic AMP, a very close structural relative of AMP containing an additional ester linkage between the phosphate and ribose units, can act as a secondary messenger for several hormones. It also plays a role in the transcription of some genes.

adenosine triphosphate (ATP)[uden´usEn trI´´fos´fAt] Pronunciation Key, organic compound composed of adenine, the sugar ribose, and three phosphate groups. ATP serves as the major energy source within the cell to drive a number of biological processes such as photosynthesis, muscle contraction, and the synthesis of proteins. It is broken down by hydrolysis to yield adenosine diphosphate (ADP), inorganic phosphorus, and energy. ADP can be further broken down to yield adenosine monophosphate (AMP), additional phosphorus, and more energy. When the phosphorus and energy are immediately used to drive other reactions, such as the synthesis of uridine diphosphate (UDP), an RNA precursor, from uridine monophosphate (UMP), the pair of reactions are said to be coupled. New ATP is produced from AMP using the energy released from the breakdown of fuel molecules, such as fats and sugars. 

Extracellularly, ATP has been found to act as a neurotransmitter. ATP receptors are widespread through the body. On its own it is known to have effects in the arteries, intestines, lungs, and bladder. It is also often released in tandem with other neurotransmitters, perhaps to add chemical stability

phosphorylation, chemical process in which a phosphate group is added to an organic molecule. In living cells phosphorylation is associated with respiration, which takes place in the cell's mitochondria, and photosynthesis, which takes place in the chloroplasts. The energy released during metabolic or photosynthetic processes is captured in the energy-rich phosphate bonds of certain molecules, most commonly in the high-energy bonds of adenosine triphosphate (ATP). In the process of oxidative phosphorylation ATP formation is associated with respiratory uptake of oxygen. In this process a cell substance known as NADH (one of a variety of coenzymes) donates hydride ions (one proton and two electrons) to the first of a series of enzymes in the so-called electron transport chain. As the hydride ion is passed from one enzyme to another in the chain, energy is made available to power the formation of ATP from adenosine diphosphate (ADP) and inorganic phosphate. At the end, or lowest energy level, of the electron transport chain, the hydride ion combines with oxygen and a proton (hydrogen ion) to form a water molecule. The phosphorylation process is linked to cell metabolism in that metabolic degradation of food, e.g., glucose, allows formation of the coenzyme NADH. The electron transport enzymes are complex aggregates of cytochromes, i.e., proteins with iron-containing heme groups, and various coenzymes. The precise mechanisms by which chemical energy is coupled to ATP synthesis are not yet understood. In photosynthetic phosphorylation, or photophosphorylation, substances such as the reduced coenzyme NADPH also donate hydride ions to an electron transport system so that ATP is synthesized from ADP and inorganic phosphate; in photophosphorylation, however, the coenzyme is produced from chemical reactions initiated by illuminated photosynthetic pigments instead of from metabolism of food molecules. The net result in phosphorylation of ADP is the formation of the high-energy molecule ATP, which the cell can use as a kind of universal energy currency to power many important cell processes, such as protein synthesis. Other phosphorylation reactions occur in cells, some without mediation by the electron transport chain, e.g., ATP is formed from ADP and inorganic phosphate in a reaction coupled to the oxidation of glyceraldehyde phosphate to phosphoglyceric acid. 

respiration, process by which an organism exchanges gases with its environment. The term now refers to the overall process by which oxygen is abstracted from air and is transported to the cells for the oxidation of organic molecules while carbon dioxide (CO2) and water, the products of oxidation, are returned to the environment. In single-celled organisms, gas exchange occurs directly between cell and environment, i.e., at the cell membrane. In plants, gas exchange with the environment occurs in special organs, the stomates, found mostly in the leaves (see leaf; transpiration). 

Organisms that utilize respiration to obtain energy are aerobic, or oxygen-dependent. Some organisms can live in the absence of oxygen and obtain energy from fuel molecules solely by fermentation or glycolysis; these anaerobic processes are much less efficient, since the fuel molecules are merely converted to end products such as lactic acid and ethanol, with relatively little energy-rich ATP produced during these conversions.

carbon dioxide, chemical compound, CO2, a colorless, odorless, tasteless gas that is about one and one-half times as dense as air under ordinary conditions of temperature and pressure. It does not burn, and under normal conditions it is stable, inert and nontoxic. It will however support combustion of magnesium to give magnesium oxide and carbon. Although it is not a poison, it can cause death by suffocation if inhaled in large amounts. It is a fairly stable compound but decomposes at very high temperatures into carbon and oxygen. It is fairly soluble in water, one volume of it dissolving in an equal volume of water at room temperature and pressure; the resultant weakly acidic aqueous solution is called carbonic acid. The gas is easily liquefied by compression and cooling. If liquid carbon dioxide is quickly decompressed it rapidly expands and some of it evaporates, removing enough heat so that the rest of it cools into solid carbon dioxide "snow." A standard test for the presence of carbon dioxide is its reaction with limewater (a saturated water solution of calcium hydroxide) to form a milky-white precipitate of calcium hydroxide. 

Carbon dioxide occurs in nature both free and in combination (e.g., in carbonates). It is part of the atmosphere, making up about 1% of the volume of dry air. Because it is a product of combustion of carbonaceous fuels (e.g., coal, coke, fuel oil, gasoline, and cooking gas), there is usually more of it in city air than in country air. The natural balance of carbon dioxide in the atmosphere is growing from its stable level of 0.13% to a predicted 0.14% by the year 2000. It is anticipated that this extra carbon dioxide will fuel the greenhouse effect, warm the atmosphere, and further disrupt the natural carbon dioxide cycle (see global warming).

Cyclic AMP controls several signalling cascades within cells, and changes in the amounts of this second messenger have an essential role in many cellular events
PHYSIOLOGICAL PREMISE
One metabolic problem faced by diabetics is an impaired ability to store glycogen properly. This problem reflects  one of the very important roles of insulin - fuel storage. Insulin not only promotes the storage of glucose as  glycogen, but also of amino acids as protein and of fatty acids as triacylglycerol. Improper storage of glycogen  can have important implications for the liver during food deprivation or for muscle during exercise.

HORMONAL CONTROL OF GLYCOGEN METABOLISM: 
Hormonal Control Initiated by Glucagon or Epinephrine via Cyclic AMP
In the preceding lecture we discussed the allosteric regulation of glycogen phosphorylase and glycogen synthase noting that these enzymes also are regulated by covalent modification (phosphorylation/dephosphorylation). In the absence of allosteric control, glycogen phosphorylase is active when phosphorylated (glycogen phosphorylase-a) and glycogen synthase is active when dephosphorylated (glycogen synthase-i). A general concept to remember is that phosphorylation of enzymes is typically associated with physiological responses that require mobilization of fuel (e.g., starvation, stress, “fight or flight response”). Hence phosphorylation will activate those enzymes responsible for mobilizing the fuels (e.g., glycogen, fats), while concomitantly inactivating those enzymes linked to fuel synthesis and storage. Conversely, dephosphorylation of enzymes is associated with physiological conditions in which fuel is stored (i.e., fed state), and the activation of enzymes will 

follow a pattern opposite to that for fuel mobilization

The regulation of glycogen phosphorylase is complex (Fig. 1). Its regulation ensures that glucose remains stored as glycogen until it is mobilized from liver for maintaining blood glucose homeostasis, or to supply energy to the muscle cell. This enzyme is phosphorylated in response to hormone signals in a cascade. The enzyme that directly catalyzes the phosphorylation of glycogen phosphorylase is phosphorylase kinase, which itself can be activated either by phosphorylation or allosterically by calcium (see preceding lecture). Hormonal activation of glycogen phosphorylase occurs via a cascade that involves amplification of the initial signal. In this way, relatively little hormone in the blood can lead to altered activity of many molecules of enzyme

Nucleotides:

As a class, the nucleotides may be considered one of the most important metabolites of the cell. Nucleotides are found primarily as the monomeric units comprising the major nucleic acids of the cell, RNA and DNA. However, they also are required for numerous other important functions within the cell. These functions include: 

· 1. serving as energy stores for future use in phosphate transfer reactions. These reactions are predominantly carried out by ATP. 

· 2. forming a portion of several important coenzymes such as NAD+, NADP+, FAD and coenzyme A. 

· 3. serving as mediators of numerous important cellular processes such as second messengers in signal transduction events. The predominant second messenger is cyclic-AMP (cAMP), a cyclic derivative of AMP formed from ATP. 

· 4. controlling numerous enzymatic reactions through allosteric effects on enzyme activity. 

· 5. serving as activated intermediates in numerous biosynthetic reactions. These activated intermediates include S-adenosylmethionine (S-AdoMet) involved in methyl transfer reactions as well as the many sugar coupled nucleotides involved in glycogen and glycoprotein synthesis. 

back to the top 


Nucleoside and Nucleotide Structure and Nomenclature
The nucleotides found in cells are derivatives of the heterocyclic highly basic, compounds, purine and pyrimidine. 
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It is the chemical basicity of the nucleotides that has given them the common term "bases" as they are associated with nucleotides present in DNA and RNA. There are five major bases found in cells. The derivatives of purine are called adenine and guanine, and the derivatives of pyrimidine are called thymine, cytosine and uracil. The common abbreviations used for these five bases are, A, G, T, C and U. 
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