Adheesh A. Sabnis

MODULE 1

PART I – CELL HISTOLOGY AND EPITHELIUM

Cell Structure and Histology

1. Define the term fixation as it applies to histological preparations.

Fixation: the rapid killing of tissue elements and their preservation and hardening to retain as nearly as possible the same relations they had in the living body

2. Define the term embedding as it applies to histological preparations.

Embed: to surround a pathological or histological specimen with a firm and sometimes hard medium such as paraffin, wax, celloidin, or a resin, in order to make possible the cutting of thin sections for microscopic examination

3. Define the term sectioning as it applies to histological preparations.

Sectioning: the process of slicing thin sections of a tissue or organ in order to make the object permeable to photons or electrons for microscopic studies

4. Define the term staining as it applies to histological preparations.

Staining: a procedure in which a dye or combination of dyes and reagents is used to color the constituents of cells and tissues
5. Describe the appearance of a typical hematoxylin and eosin (H & E) stained tissue sample and explain why it has this appearance.

Of all dyes, the combination of hematoxylin and eosin (H&E) is the most commonly used. Hematoxylin is a basic dye that stains the cell nucleus and other acid structures (such as RNA-rich portions of the cytoplasm) blue. In contrast, eosin, which is an acidic dye, stains the cytoplasm red and collagen pink. 

6. List the major systems of lenses in a standard light microscope (i.e., bright field microscope).

Condenser: 

collects and focuses the illumination into a cone

Objective Lens: 
enlarges and projects image toward ocular lens

Ocular Lens: 
magnifies and projects image toward eye or camera

7. Describe the light path from the illumination source to the observer’s eye or to a camera for a standard bright field microscope.

Light from the illumination source goes through the condenser, into the stage where it interacts with the specimen slide. This light is formed into an image and enlarged via the objective lens. The image may be reflected toward the objective lens by a prism. The objective lens magnifies the image further and projects it to the observer.

8. Define the units of measure routinely used in microscopy (i.e., nanometer; micrometer).

Micrometer 
μm = 0.001mm, 10-6m

Nanometer
nm = 0.001μm, 10-9m

9. Compare and contrast the terms resolving power and magnification as they apply to microscopy.

RESOLVING POWER is the smallest distance between two particles at which they can be distinguished as separate objects. At magnification of 1000-1500X it is ( 0.1(m for light microscopes.

MAGNIFICATION is independent of resolving power and is of value only when accompanied by high resolution.
10. Compare and contrast fluorescence, polarization, phase contrast, and differential interference contrast microscope. 

FLUORESCENCE MICROSCOPY- Tissue sections are usually irradiated from sides with UV light so that the emission is in the visible portion of the spectrum.  The fluorescent substances appear brilliant on a dark background. Microscopes for this technique usually have a strong UV light source and special filters to protect observers’ eyes. 
POLARIZATION MICROSCOPY- Normal light is passed through polarizing filter to allow vibration in only one direction. A second filter is placed in the microscope with its main axis perpendicular to first filter so no light is allowed to pass through. However, if tissue structures containing oriented molecules (e.g. cellulose, collagen, microtubules, and microfilaments) are placed between Polaroid filters, they rotate the axis of light emerging from polarizer. 

PHASE CONTRAST MICROSCOPY- Use of lens system that produces visible images from unstained, transparent objects. Based on the fact that light changes direction and speed as it passes through structures of different refractive indices.

DIFFERENTIAL INTERFERENCE CONTRAST MICROSCOPY- Structures appear 3-D, lighter and darker with respect to each other. Similar to Phase Contrast with additional use of Nomarski optics to render 3-D images.
11. Describe, in brief, the capabilities of the confocal microscope.

A CONFOCAL MICROSCOPE is able to produce 3-D images using lasers and computers and stores 3-D relationships allowing observer to visually dissect sample.
12. Describe the path of electrons from their source to the observer in a transmission electron microscope.

Electrons are produces by a high temperature cathode in a vacuum and subjected to potential difference (approx. 60-100 kV) between the cathode and the anode. The anode is metallic plate with hole in its center. Some electrons escape through the hole creating constant stream (beam) of electrons. The beam is deflected by electromagnetic lenses and projected as follows:

Condenser:

collects and focuses beam onto objective


Objective:
 
forms image of object

Projector lens:
enlarges and projects image onto fluorescent screen/photographic plate 

13. Compare and contrast the transmission electron microscope and the bright field microscope with particular regard to the means by which the respective illumination beams are focused.

Both microscopes have similar beam courses going through condenser and objective. Difference is that Light Microscope (beam of photons) uses ocular lens to project to retina / photographic plate and Electron Microscope (beam of electrons) uses projector lens(es) to project onto a florescent screen / photographic plate. Also the lenses in the light microscope are made of glass to bend photon waves while those of the electron microscope are composed of electromagnets to bend electron waves.

14. Define, in general terms, the methods employed to localize lipids in cells or tissue at the light microscope level.

In this process, frozen sections are immersed in an alcoholic solution saturated with the appropriate dye (more soluble in lipids than in medium in which dye is dissolved). Stain migrates from the alcohol to cellular lipid droplets. Sudan IV (red) and Sudan black (black) are the dyes most commonly used.
15. Define, in general terms, the methods employed to localize enzymes in tissue sections.

Most enzymatic histochemical procedures are based on the production of intensely stained or electron dense precipitates at site of enzymatic activity.

  3 common methods:  



(Acid Phosphatase-



(Dehydrogenases


(Peroxidase
16. Define radioautography (or autoradiography) as it applies to histological preparations.

Radioautography permits the localization of radioactive substances in tissues by means of the effect of emitted radiation on photographic emulsions (Silver Bromide crystals).
17. Compare and contrast the direct and indirect methods for antigen localization.


DIRECT LOCALIZATION OF ANTIGENS- Sections of tissue suspected to contain an antigen (protein x) are incubated with a labeled antibody of protein x, and the antibody will combine specifically to x.  Excess antibody is washed off and tissue is processed.  Location of antigen is detected with fluorescence microscopy.

INDIRECT LOCALIZATION OF ANTIGENS- Antibodies to protein x are produced in an animal (e.g. rabbit). Rabbit immunoglobulins are, in turn, capable of inducing an antibody response in another animal, such as a sheep or goat, thus producing an antiantibody (anti-immunoglobulin). A tissue section containing protein x is incubated with unlabeled rabbit anti-x antibodies. After washing, labeled rabbit antiantibodies are added and the location of protein x can be seen by a microscopic technique appropriate for the label. This method is more sensitive than the direct method. 
18. Describe the three most common methods for labeling antibodies (reporter systems) for immunohistochemical applications.

3 most common methods of labeling antibodies

1. Coupling with fluorescent compound permits identification of specific antigens using the fluorescence microscope. 

2. Coupling with an enzyme (e.g. peroxidase) permits the section to be submitted to the histochemical method for the enzyme.

3. Coupling with a gold particle previously bound to protein-A which reacts with and labels the antibody. The gold-particle-protein-A method is currently on of the most efficient and precise immunocytochemical methods. 

19. List five antigens commonly used for immunohistochemical-based diagnosis.

1. Cytokeratins- Dx of undifferentiated tumors of epithelial origin; carcinomas, adenocarcinomas

2. Glial fibrillary acid protein- Dx of tumors of some glial cells

3. Vimentin- Dx of tumors of connective tissue

4. Desmin- Dx of muscle tumors

5. Proteic/polypeptidic hormones- Dx of protein or polypeptide-hormone-producing tumors

6. Carcinoembryonic antigen (CEA)- Dx of glandular tumors, mainly of the digestive tract and breast

7. Prostate-specific antigen- Dx of prostate gland tumors

8. Steroid hormone receptors- Dx of breast duct tumors

9. Antigens produced by viruses- Dx of specific virus infections

20. Define, in general terms, nucleic acid hybridization.

NUCLEIC ACID HYBRIDIZATION- a technique that allows the identification of specific sequences of DNA or RNA based on the ability of single-stranded segments of these nucleic acids to bind specifically to previously labeled, known, complimentary single-stranded nucleic acid sequences.
21. Compare and contrast Southern, Northern, and Western analysis.

SOUTHERN ANALYSIS- characterizes and quantitates presence of DNA of a specific gene in the presence of all other genes in an eukaryotic organism

NORTHERN ANALYSIS- identifies and quantitates specific mRNA transcripts in the presence of all RNA transcripts expressed within a single cell type 

WESTERN ANALYSIS- detects a single protein species from among all other proteins expressed in a single cell or tissue 

22. Describe the underlying principles of cell fractionation.

Principles of CELL FRACTIONATION: the physical process by which centrifugal force is used to separate organelles and cellular components as a function of their sedimentation coefficients

· differential centrifugation is used to separate substances of differing size, form, and density 

· the sedimentation coefficient is based on these factors and the viscosity of the medium
23. Describe the process of cell fractionation.

1. Small fragments of an organ are processed in a homogenizer, where a glass rod breaks cell membranes, liberating the cellular components into an inert sucrose or soluble plastic solution.

2. The suspension rests and large intact tissue remnants form a sediment.

3. The supernatant is centrifuged with weak force to create a sediment of the denser particles (nuclei). 

4. By repeating this operation and increasing the centrifugal force in each step, it is possible to isolate mitochondria, lysosomes, rough endoplasmic reticulum (RER), etc. 

5. With the addition of a detergent (deoxycholate) to the RER fraction and the addition of a very strong centrifugal force, it is possible to obtain pure ribosomes.

24. Compare and contrast prokaryotic and eukaryotic cells.

Prokaryotic cells are found only in bacteria. These cells are small (1-5 μm long), may have a cell wall outside the limiting membrane (cell membrane, plasmalemma), and do not have a nuclear envelope separating the genetic material (DNA) from other cellular constituents. In addition, prokaryotes have no histones (specific basic proteins) bound to their DNA, and membranous organelles are usually not present.

In contrast, eukaryotic cells are larger and have a distinct nucleus surrounded by a nuclear envelope. Histones are associated with the genetic material, and numerous membrane-limited organelles are found in the cytoplasm.

25. Define the term cell differentiation.

Cell differentiation is a process of specialization in which undifferentiated primitive cells exhibiting several functions, each with little efficiency, are transformed into a variety of differentiated cells that are collectively able to perform some specific functions with much greater efficiency. 

26. List five types of differentiated cells and give their major function(s).

Muscle: movement

Nerve: conductivity

Pancreatic acinar: synthesis and secretion of enzymes

Mucous-gland: synthesis and secretion of mucous substances

Adrenal gland, testis & ovary: synthesis and secretion of steroids

Kidney and salivary ducts: ion transport

Macrophages and white blood cells: intracellular digestion

Sensory: transformation of stimuli into nervous impulses

Intestine, kidney, etc.: metabolite absorption

27. Identify the nucleus and cytoplasm in histological preparations at the light microscope level.

IDENTIFY
28. Identify the nucleus and cytoplasm in histological preparations at the electron microscope level.

IDENTIFY
29. Compare and contrast integral and peripheral membrane proteins.

Integral proteins represent a class of proteins that are directly incorporated within the lipid bilayer, while peripheral proteins exhibit a looser association with membrane surfaces. The loosely bound peripheral proteins can be easily extracted from cell membranes with salt solutions, while integral proteins can be extracted only by methods that use detergents.

30. Define the term transmembrane protein.

Transmembrane proteins are proteins that completely cross the membrane and are believed to provide a channel through which water-soluble substances, such as ions, can pass back and forth between the extracellular and intracellular compartments.

31. Define the term glycoprotein.

Glycoprotein: proteins that possess carbohydrate side chains, which project from the external surface of the plasma membrane; they are important components of specific molecules called receptors

32. Define, in general terms, the relationship between receptors and ligands.

Ligands have a high affinity for specific receptors. Upon binding of a ligand to a receptor, the receptor mediates functions such as cell adhesion, cell recognition, and response to the action of protein hormones.

33. Depict in a drawing the fluid mosaic model of membrane structure.

See figure 2-4 on page 24 of Basic Histology, 8th Edition 
34. Describe one of the key experiments that support the fluid nature of the plasma membrane.

In one experiment two types of cell derived from different tissue cultures (one with a fluorescent marker and one without) are fused through the action of Sendai virus.  Minutes after the fusion of the membranes, the fluorescent marker of the labeled cell spreads to the entire surface of the fused cells and finally covers it uniformly.    

35. Compare and contrast fluid-phase pinocytosis and receptor-mediated endocytosis.

Fluid-Phase Pinocytosis (cell drinking)- First, small invaginations of the cell membrane form and entrap extracellular fluid and anything in solution in the fluid.  Pinocytotic vesicles (about 80 nm in diameter) pinch off from the cell surface and most eventually fuse with lysosomes. In the lining of capillaries (endothelial cells), however, pinocytotic vesicles may move to the surface opposite their site of origin. Here they fuse with the plasma membrane and release their contents onto the cell surface, thus accomplishing bulk transfer of material across the cell.  A second type of fluid-phase pinocytosis transports larger volumes of fluid and is performed by broad sheets of the cell membrane enfolding fluid into the cell interior.

Receptor-Mediated Endocytosis- Binding of the ligand (a molecule with high affinity for a receptor) to its receptor causes widely dispersed receptors to accumulate in coated pits.  The coating on the cytoplasmic surface of the membrane is composed of several polypeptides, the major one being clathrin (MW 180,000). These proteins form a lattice composed of pentagons and hexagons very similar in arrangement to the struts in a geodesic dome. It is believed that this arrangement produces a force that causes the coated pits to invaginate and pinch off, forming a coated vesicle that carries the ligand and its receptor into the cell.

36. Define phagocytosis as a specialized form of endocytosis. 

Phagocytosis (cell eating)- The process of ingestion and digestion by cells of solid substances, e.g., other cells, bacteria, bits of necrosed tissue, foreign particles. After the solid substance becomes bound to the surface of a macrophage or polymorphonuclear leukocyte, cytoplasmic processes of the cell are extended and ultimately surround the object. The edges of these processes fuse, enclosing the object in an intracellular phagocytic vacuole. Lysosomes will then fuse with the vacuole, resulting in destruction of the object.
37. Define the primary subcellular localization of the protein clathrin.

The coated pits on the cytoplasmic surface of the cell membrane are composed of several polypeptides, the main one being clathrin.
38. Define the term membrane trafficking as it relates to endocytosis and exocytosis. 

Membrane Trafficking- refers to conservation of plasmalemma by use and reuse of membrane components during endocytosis  (membrane parts leaving plasmalemma) and exocytosis (membrane parts returning to plasmalemma). 
39. Compare and contrast, in general terms, cellular communication by paracrine, endocrine, and synaptic pathways.

Extracellular signaling molecules mediate three kinds of communication between cells. In endocrine signaling, hormones are carried in the blood to target cells throughout the body; in paracrine signaling, chemical mediators are rapidly metabolized so that they act on local cells only; and in synaptic signaling, neurotransmitters act only on adjacent nerve cells through special contact areas called synapses. 

40. Describe the pathway whereby G proteins switch effectors on and off.

1. In their resting state, G proteins, which consist of alpha ((), beta ((), and gamma (() subunits, are bound by the nucleotide guanosine diphosphate (GDP) and have no contact with receptors.

2. When a hormone or other first messenger binds to a receptor, the receptor undergoes a conformational change that causes the G protein to exchange GDP for the nucleotide guanosine triphosphate (GTP), which activates the G protein.

3. The G protein then dissociates, after which the GTP-bound alpha subunit diffuses along the membrane and binds to an effector, activating it. The switch is on.

4. After a few seconds, the alpha subunit converts GTP to GDP, thereby inactivating itself. The alpha subunit will then reassociate with the beta-gamma complex. The switch has been turned off.

41. List five different physiological functions mediated by G proteins.

1. Breakdown of glycogen

2. Breakdown of fat

3. Increased synthesis of estrogen and progesterone

4. Conservation of water by kidney

5. Slowed heart rate and decreased pumping force

6. Changed electrical activity of neurons

7. Muscle contraction; elevation of blood pressure

8. Detection of odorants

9. Detection of visual signals

10. Mating of cells

42. No Objective

43. Define the structure of mitochondria and identify the component parts.

Mitochondria are spherical or filamentous organelles 0.5-1.0μm wide that can attain a length of up to 10μm. Mitochondria generally have a characteristic structure under the electron microscope, with small variations according to the organ and species. They are composed of an outer mitochondrial membrane and an inner mitochondrial membrane; the latter projects folds, termed cristae, into the interior of the mitochondrion. These membranes enclose two spaces. The space located between the two membranes is the intermembrane space. The other space, the intercristae, or matrix space, is enclosed by the inner membrane. Filling the matrix space is a fine granular material of variable electron density. Most mitochondrion have flat, shelf-like cristae in their interiors, whereas cells that secrete steroids frequently contain tubular cristae. The cristae increase the internal surface area of mitochondrion, and it is on these structures that enzymes and other compounds involved in oxidative phosphorylation and electron transport systems are located. Between the cristae is an amorphous matrix, rich in protein and containing some DNA and RNA.   

44. Recognize mitochondrion in histological preparations at the electron microscope level.

RECOGNIZE
45. Describe the chemiosmotic theory of mitochondrial energy transduction and how it related to mitochondrial structure.

The chemiosmotic theory suggests that ATP synthesis occurs at the expense of a flow of protons across a globular unit with ATP synthetase activity. The globular structures, in the presence of ADP plus inorganic phosphate, form ATP. Globular stalks connected to the inner mitochondrial membrane by connecting stalks contain ADP-ATP phosphorylating system. The flux of protons is directed from the matrix to the intermembranous space promoted at the expense of energy derived from the electron transport system in the inner membrane. Half the energy derived from proton reflux produces ATP; the remaining energy produces heat. The protein thermogenin, present in multilocular adipose tissue, forms a shunt for reflux of protons. This reflux, which dissipates energy as heat, does not produce ATP.

46. Describe what happened to mitochondria during and after cell division.

In the process of mitosis, each daughter cell receives approximately half the mitochondria originally present in the parent cell just before division. New mitochondria originate from preexisting mitochondria by accretion of material that leads to growth and subsequent division (fission) of the organelle itself. 

47. Compare and contrast free polyribosomes and membrane-bound polyribosomes.

Free polyribosomes exist in clusters and synthesize proteins that are to remain within the cytoplasm. Membrane-bound polyribosomes are attached to the endoplasmic reticulum via their large subunits. These polyribosomes produce proteins that are segregated into the endoplasmic reticulum and may eventually be extruded from the cytoplasm (export proteins). Not only do the polyribosomes adhere to the membranes of rough endoplasmic reticulum, but also the proteins produced by them are injected into the interior of the organelle across its membrane. In this way the proteins – especially enzymes such as ribonucleases and proteases, which could have undesirable effects on the cytoplasm - are separated from it. 

48. Explain how ribosomes react with basic stains in histological preparations.

Ribosomes, which are intensely basophilic because of the presence of numerous phosphate groups of the constituent rRNA that act as polyanions, react with such basic stains as methylene blue, toluidine blue, hematoxylin. 

49. Compare and contrast the RER and SER in terms of structural and functional differences.

Both the rough endoplasmic reticulum and the smooth endoplasmic reticulum are similar with respect to their membranes except for the presence of ribophorins I and II only in rough endoplasmic reticulum.

The rough endoplasmic reticulum consists of tubules as well as parallel stacks of flattened cisternae, limited by membranes that are sometimes continuous with the outer membrane of the nuclear envelope. The RER is characterized by the presence of polyribosomes on the cytoplasmic surface of the endoplasmic reticulum membranes, giving them a rough or granular appearance. The principle function of the rough endoplasmic reticulum is to segregate proteins destined for export or intracellular use. Additional functions include the initial (core) glycosylation of glycoproteins that have N-linked oligosaccharides, the synthesis of phospholipids, the assembly of multi-chain proteins, and certain post-translational modifications of newly formed polypeptides.

The smooth endoplasmic reticulum also takes the form of a membranous network within the cell; however, its ultrastructure differs from that of rough endoplasmic reticulum in two important ways. First, smooth endoplasmic reticulum lacks associated polyribosomes that characterize rough endoplasmic reticulum. Smooth endoplasmic reticulum membranes therefore appear smooth rather than granular. Second, its cisternae are more tubular and more likely to appear as a profusion of interconnected channels of variable shape and sizes than as stacks of flattened cisternae. Smooth endoplasmic reticulum membranes arise from rough endoplasmic reticulum, so that it is not surprising to see membrane continuity between the two forms. In cells that synthesize steroid hormones (e.g., cells of the adrenal cortex), smooth endoplasmic reticulum occupies a large portion of the cytoplasm and contains some of the enzymes required for steroid synthesis. It is abundant in liver cells, where it is responsible for the oxidation, conjugation, and methylation processes employed by the liver to neutralize or detoxify certain hormones and noxious substances such as alcohol and insecticides. Smooth endoplasmic reticulum is also involved in the breakdown of glycogen in liver cells, where the enzyme glucose-6-phosphate is a constituent of its membranes. This enzyme is also found in rough endoplasmic reticulum – an example of the lack of absolute partition of functions between these organelles. Smooth endoplasmic reticulum participates in the contraction process in muscle cells, where it appears in a specialized form called sarcoplasmic reticulum that is involved in the sequestration and release of calcium ions that regulate muscular contraction.

50. Recognize RER and SER in histological preparations at the electron microscope level.

RECOGNIZE
51. Describe the pathway for lysosome formation.

Lysosomes are membrane-limited vesicles that contain a large variety of hydrolytic enzymes. Lysosomal enzymes are synthesized and segregated in the rough endoplasmic reticulum and subsequently transferred to the Golgi complex, where the enzymes are modified and packaged as lysosomes. These enzymes have oligosaccharides attached to them but with an important modification. One or more of the mannose residues is phosphorylated at the 6’ position by a phosphotransferase. There are receptors for mannose 6’-phosphate-containing proteins in the rough endoplasmic reticulum and Golgi complex that allow these proteins to be diverted from the main secretory pathway segregated in lysosomes. Lysosomes that have not entered into a digestive event are identified as primary lysosomes. Secondary lysosomes result from the fusion of endocytosed materials (from either phagocytosis or pinocytosis) with primary lysosomes to form a phagosome; the secondary lysosome is also known as a phagolysosome.

52. List six types of enzymes present in lysosomes.

· Acid phosphatase

· Ribonuclease

· Deoxyribonuclease

· Cathepsins (proteases)

· Sulfatases

· Lipases

· (-Glucuronidase

53. List five diseases caused by improper lysosomal function and describe the defect.

· Hurler



defect of ( L-iduronidase

· Sanfilippo Syndrome A
defect of Heparin sulfate sulfamidase

· Tay-Sachs


defect of Hexosaminidase-A

· Gaucher



defect of ( D-glycosidase

· I-cell disease


defect of Phosphotransferase

54. Define the terms heterophagy and autophagy.

Heterophagy: digestion within a cell of an exogenous substance phagocytosed from the cell's environment

Autophagy: segregation and disposal of damaged organelles within a cell

55. Define the terms residual bodies and lipofuscin.

Residual body: a cytoplasmic vacuole (lysosome) containing accumulated particulate products of metabolism, e.g., lipofuscin

Lipofuscin: brown pigment granules representing lipid-containing residues of lysosomal digestion and considered one of the aging or “wear and tear” pigments; found in liver, kidney, heart muscle, adrenal, and ganglion cells

56. Describe the pathway for the detoxification of H2O2 within the peroxisome.

Peroxisomes contain catalase, an enzyme that decomposes hydrogen peroxide to water and oxygen (2H2O2 ( 2H2O + O2). Peroxisomes protect the cell from the effects of hydrogen peroxide, which could cause irreversible damage to many important cellular constituents. Evidence has been presented that peroxisomal enzymes (catalase, enzymes of β-oxidation) are synthesized on free polyribosomes and posttranslationally transferred to peroxisomes by an unknown mechanism. 

57. Identify the Golgi complex in histological preparations at the electron microscope level.

IDENTIFY
58. Describe the cis and trans faces of the Golgi complex.

In most cells, there is polarity in Golgi structure and function. Near the Golgi complex, the rough endoplasmic reticulum can sometimes be seen budding off small vesicles (transport vesicles) that shuttle newly synthesized proteins to the Golgi for further processing. The Golgi cisterna nearest this point is call the forming, convex, or cis, face. On the opposite side of the Golgi complex – the maturing, concave, or trans, face – large Golgi vacuoles accumulate. These are sometimes called condensing vacuoles. 

59. Describe the pathways for trafficking and sorting of proteins through the Golgi complex.

At the rough endoplasmic reticulum, proteins are synthesized and segregated into the rough endoplasmic reticulum, where they lose their signal sequence. Glycoproteins undergo their initial glycosylation, a process similar in all glycoproteins. Material from the rough endoplasmic reticulum undergoes one-way transport (via transporting vesicles) to the cis face of the Golgi cisternae. In the Golgi cisternae, glycoproteins undergo partial hydrolysis of their carbohydrate moiety and further glycosylation (terminal glycosylation) at various levels of the cisternae. This glycosylation is specific according to the fate of the glycoprotein. Phosphorylation and sulfation also occur at this level. The various proteins will be directed to different regions of a cell according to the type of glycosylation, phosphorylation, and probably also sulfation. Finally, material from the trans cisternae is aggregated in condensing vacuoles that bud from the cisternae. The transport of material from one cisternae to another probably occurs by budding and fusion of small vesicles. In the postcisternal phase, the material from condensing vacuoles is gradually concentrated (probably from the interaction of its component macromolecules) and stored in individual vesicles. Evidence shows that in this process, proteins combine with high molecular weight sulfated polyanions (e.g., glycosaminoglycans) and thereby lose their osmotic activity. The consequent water loss from the vesicle produces local concentration of these materials. The proteolytic process that modifies some proteins within the cell is sometimes initiated in the cisternae and continues in these vesicles. The contents of the vesicles can be the distributed, according to cell type, to secretory granules, lysosomes, or the plasma membrane.
60. Compare the protein concentration in a secretory granule to that of the ER.

The contents of some secretory granules may be up to 200 times more concentrated than in the rough endoplasmic reticulum.

61. Define the term zymogen granule.

Zymogen granule: granule that store zymogen which is the precursor of an enzyme, requiring some change (usually the hydrolysis of an inhibiting fragment that masks an active grouping) to render it active; e.g., pepsinogen, trypsinogen, profibrolysin

62. Recognize microtubules in histological preparations at the electron microscope level.

RECOGNIZE
63. List the microtubule organizing centers found in cells.

· Basal bodies

· Centrioles

· Centromeres of chromosomes

64. Describe the relationship between microtubules and organelles as it related to intracellular transport.

Microtubules have been implicated in the intracellular transport of other organelles. Time-lapse cinematography of living cells reveals a significant movement and redistribution of cytoplasmic components (e.g., mitochondria, vesicles). Movement is related to the presence of complex microtubule networks, and such activities are suspended if microtubules are disrupted.

65. Describe how microtubules can be a target in cancer chemotherapy.

Antimitotic alkaloids are used in cancer chemotherapy (e.g., vinblastine is used to arrest proliferation in tumors). If either Colchicine or podophyllotoxin (antimitotic alkaloids that bind to tubulin heterodimers) is administered, the unavailability of free heterodimers will block microtubule growth. The microtubules will eventually be broken down because the constant exchange of polymerized heterodimers with soluble heterodimers will proceed, but heterodimers with bound colchicine cannot polymerize. Another alkaloid, vinblastine, acts by depolymerizing formed microtubules and, in a second step, aggregating to form paracrystalline arrays of tubulin heterodimers.   

66. Describe the microtubule organization in cilia.

Cilia and flagella are motile processes with a highly organized microtubule core; they extend from the surface of some cell types. This core consists of nine pairs of microtubules surrounding two central tubules. This sheaf of tubules, possessing the characteristic 9 + 2 pattern, in called an axoneme. Each of the nine peripheral pairs (doublets) shares a common wall of two to three heterodimers. The tubules in the central pair are separated from each other and enclosed within a central sheath. Adjacent doublets are linked to each other via protein bridges called nexins and to the central sheath by radial spokes. The tubule units of each doublet are identifies as subfibers A and B. Subfiber A is a complete microtubule with 13 heterodimers, while subfiber B has only 10 or 11 heterodimers. Extending from the surface of subfiber A are pairs of arms formed by the protein dynein, which has ATPase activity. At the base of each cilium or flagellum is a basal body. This body is essentially identical to a centriole except at its basal end, which has a complex central organization resembling a cartwheel. The C tubule ends at the apical end of the basal body, while the A and B tubules are continuous with the corresponding tubules of the ciliary or flagellar axoneme. In developing cilia or flagella, the basal bodies act as a template to control the assembly of the axoneme subunits. 

67. Define the mechanism by which cilia and flagella move.

Sliding of adjacent doublets within the axoneme propagates the undulating motion exhibited by cilia and flagella. This sliding mechanism is mediated by two protein extensions from the A microtubule, formed mainly by the protein dynein (dynein arms). These arms exhibit ATPase activity. The dynein arms on microtubule A of one doublet are believed to bind to and walk along the surface of microtubule B of the adjacent doublet. This sliding process occurring between adjacent pairs of microtubules does not occur freely and is constrained by the presence of nexin and the radial spokes. Thus, forces developed during the sliding process bend the cilia or flagella and account for their movements.

68. Describe the molecular defect and its consequences in the syndrome of Kartagener.

Immotile cilia syndrome of Kartagener is characterized by the absence of dynein arms leading to immotile sperm and male infertility and chronic respiratory infections caused by lack of cleansing action of cilia in the respiratory tract.
69. Give two intracellular regulators that affect the polymerization of microfilaments.

1. Ca+2

2. cAMP levels
70. Define a role for microfilaments during cell division.

Microfilaments form a “purse-string” of filaments whose constriction results in cleavage of mitotic cells.
71. List five types of intermediate filaments and give their distribution.

1. Cytokeratins: epithelium


2. Vimentin: mesenchymal cells


3. Desmin: muscle


4. Glial fibrillary acidic proteins: glial cells


5. Neurofilaments: neurons
72. Identify the nuclear envelope and nuclear pores in electron microscopy preparations.

IDENTIFY
73. Describe how the nuclear envelope bears similarities to the RER.

Polyribosomes are frequently attached to the outer membrane, and this portion of the nuclear envelope is sometimes continuous with the rough endoplasmic reticulum. When covered with polyribosomes, the nuclear envelope functions as rough endoplasmic reticulum, synthesizing polypeptide chains and segregating them in the perinuclear cistern between its two membranes.

74. Describe the function of nuclear pores.

Nuclear Pores: an octagonal opening, about 70nm across, where the inner and outer membranes of the nuclear envelope are continuous

Nuclear pores provide pathways between the nucleus and the cytoplasm.  Pores are not open but are bridged by an electron dense membrane that forms a single–layered diaphragm of protein.

75. Identify heterochromatin at the light and electron microscope levels.

IDENTIFY
76. Recognize euchromatin at the light and electron microscope levels.

RECOGNIZE
77. Define sex chromatin and explain its significance.

Sex Chromatin: a heterochromatin mass that is frequently observed in female cells but not in male cells; it is one of the pair of X chromosomes that is visible in female cells during interphase; it remains tightly coiled and visible, while the other X chromosome is uncoiled and no visible

Evidence suggests that the coiled X chromosome that constitutes the sex chromatin is genetically inactive. The sex chromatin is clinically used to determine the genetic sex of patients whose external sex organs do not permit the diagnosis of gender.

78. Define the term karyotype.

Karyotype: the chromosome characteristics of an individual or of a cell line, usually presented as a systematized array of metaphase chromosomes from a photomicrograph of a single cell nucleus arranged in pairs in descending order of size and according to the position of the centromere

79. Explain, in general terms, how techniques of in situ hybridization have been used to study chromosomes.

In situ hybridization has been used as a valuable procedure to localize DNA sequences (genes) in chromosomes.

80. Identify the nucleolus at the light and electron microscope levels.

RECOGNIZE
81. Distinguish between the pars fibrosa and the pars granulosa.

Pars Fibrosa: densely packed 5-10nm ribonucleoprotein fibers, composed of primary transcripts of rRNA genes, and closely associated with nucleolar organizers 

Pars Granulosa: 15-20nm granules consisting of maturing ribosomes 

82. Define the term nucleoskeleton.

Nucleoskeleton: The continuous fibrillar structure remaining after the nucleic acids and other soluble components are removed from the nuclear matrix. The nucleoskeleton probably contributes to the formation of a protein base to which DNA loops are bound.

83. Describe the phases of mitosis.

Prophase
coiling of nuclear chromatin, centrioles separate, microtubules of the mitotic spindle appear between centrioles

Metaphase
nuclear envelope and nucleolus disappear, chromosomes migrate to equatorial plane where each chromosome divides into two chromatids, chromatids are attached to microtubules of the mitotic spindles 

Anaphase
sister chromatids separate

Telophase
reappearance of nuclei of daughter cells; nucleoli, chromatin, and nuclear envelope reappear, constriction of parent cell at equatorial plane develops
84. Recognize the mitotic cells in histological preparations.

RECOGNIZE
85. Describe the phases of the cell cycle.

Two main phases of the cell cycle:

Mitosis – (prophase, metaphase, anaphase, and telophase)

Interphase – (G1, S, and G2) note: G is for GAP

86. Define the major events that occur in the G1 phase of the cell cycle.

G1 (presynthesis): RNA and protein synthesis occur and cell volume, previously reduced to ½ by mitosis, is restored to its normal size
87. Define the major events that occur in the S phase of the cell cycle.

S (DNA synthesis): synthesis and replication of DNA and centrioles
88. Define the major events that occur in the G2 phase of the cell cycle.

G2 (post-DNA duplication): production and accumulation of energy to be used during mitosis and the synthesis of tubulin to be assembled in microtubules during mitosis
89. Define the term G0 of the cell cycle. 

G0: cells that are not continuously dividing (e.g., muscle, nerve), in which the cell cycle activities may be temporarily or permanently suspended 

Epithelium

1. Compare and contrast, in general terms, the four basic tissue types with respect to functions and the presence of extracellular matrix.

Tissue
Extracellular Matrix
Functions

Nervous
None
Transmission of nervous impulses

Epithelial
Only a small amount
Lining of surface or body cavities; glandular secretion

Muscle
Moderate amount
Movement

Connective
Abundant amount
Several and diversified

2. Compare and contrast the prevalence of tumors of epithelial origin in young children and adults.

In children up to age 10 the tumors develop from (in decreasing order) hematopoietic organs, nerve tissue, connective tissue, and epithelial tissue. In adults over age 45, more than 90% of tumors are of epithelial origin.
3. Name regions of the basal lamina based upon their appearance in the electron microscope.

Lamina densa: dense layer, 20-100nm thick, consisting of a network of fine fibrils

Laminae rarae (lucidae): electron lucent layer on one or both sides of the dense layer
4. List the major molecular constituents of the basal lamina.

The main component of the basal lamina are type IV collagen, a glycoprotein called laminin, and proteoglycan (heparan sulfate).
5. Describe the formation of the basement membrane.

The basement membrane is formed by the fusion of either two basal laminae or a basal laminae and a reticular lamina.
6. Compare and contrast the two types of basement membranes.

Two basal laminae: thick central lamina densa with a lamina lucida on both sides produced by an epithelial and an endothelial cell layer

Basal & reticular lamina: more common type that separates and binds epithelia to connective tissue; contain anchoring fibrils formed by type VII collagen which bind basal lamina to subjacent collagen; contain microfibrils grouped in a bundle that perforate the basal lamina binding this structure to the elastic fiber system
7. Identify basement membranes in histological preparations at the light and electron microscope levels.

IDENTIFY
8. Describe the appearance of the tight junction.

(Zonula) The junction forms a band completely encircling the cell.  (Occludens) Closes off the intercellular space by membrane fusions.

The outer leaflets of adjacent unit membranes are seen to fuse, giving rise to a local pentalaminar appearance. 
9. Recognize tight junctions at the electron microscope level.

RECOGNIZE
10. Recognize zonula adherens at the electron microscope level.

RECOGNIZE
11. Define the molecular constituents of the terminal web.

12. Below the zonula occludens is the zonula adherens.  It encircles the cell and is thought to provide adhesion of one cell to its neighbor.  On the cytoplasmic surface of the zonula adherens, numerous actin-containing microfilaments are inserted in a dense plaque.  The plaques contain myosin, tropomyosin, and α-actinin, and vinculin.  These microfilaments arise from the terminal web, a web of several types of filaments in the apical cytoplasm.  Terminal web is also thought to provide rigidity to the apex of the cell.

13. Define the term terminal bar.

The terminal bar is the combination of tight junctions (zonula occludens) and zonula adherens.
14. Recognize desmosomes and hemidesmosomes in electron microscopy preparations and describe their component parts.

Desmosomes: a disk shaped structure at the surface of one cell that is matched with an identical structure at the surface of an adjacent cell

Hemidesmosome: half of a desmosome between an epithelial cell and the basal lamina
15. Define desmogleins and desmoplakins.

Maculae densae (desmosomes) are characterized by desmogleins, transmembrane glycoproteins, whose cytoplasmic ends are associated with a plaque composed of desmoplakins. Intermediate filaments, forming hairpin loops, enter and exit the plaque.

16. Recognize gap junctions in electron microscopy preparations.

RECOGNIZE
17. Define the term connexon.

Connexon: A complex protein assembly that traverses the lipid bilayer of the plasma membrane and forms a continuous channel with a pore diameter of approximately 1.5 nm; a pair of connexon's from two adjacent cells join to form a gap junction which bridges the 2-4 nm gap between the cells, resulting in both electrical and metabolic couplings.

18. Describe the organization of microvilli.

Each microvillus is an extension of the cytoplasm of the cell and is covered by plasma membrane, thereby greatly increasing the surface area of the apex of the cell; there is a consequent increase in the absorptive efficiency of the cell. In their interiors, microvilli contain a cluster of 20-30 actin-containing microfilaments that are cross-linked to each other and to the surrounding plasma membrane by several other proteins. The basal ends of these microfilaments intermingle with microfilaments of the terminal web found just beneath the microvilli.

19. Recognize microvilli at the light and electron microscope levels.

RECOGNIZE
20. Define the terms brush border and striated border.

Covering the microvillus is a filamentous coat of variable thickness, the glycocalyx, which contains glycoproteins and is thus PAS-positive. The complex of microvilli and glycocalyx is easily seen in the light microscope and is called the brush, or striated, border.

Brush border: the apical epithelial surface bearing closely packed microvilli about 2 mm long, such as occur on the cells of the proximal tubule of the nephron

Striated border: the free surface of the columnar absorptive cells of the intestine formed by closely packed microvilli about 1 mm long, giving the appearance of parallel striations

21. Categorize covering epithelia according to the (1) number of cells, (2) cell form, (3) distributions, and (4) function.

# of Cell Layers
Cell Form
Distribution Examples
Function

Simple (one layer)
Squamous
Lining of vessels (endothelium). Serous lining of cavities; pericardium, pleura, peritoneum (mesothelium).
Facilitates the movement of the viscera (mesothelium), active transport by pinocytosis (mesothelium and endothelium).


Cuboidal
Covering the ovary, thyroid.
Covering, secretion.


Columnar
Lining of intestine, gallbladder.
Protection, lubrication, absorption, secretion.

Pseudostratified (layers of cells with nuclei at different levels; not all cells reach surface but all adhere to basal lamina)
Lining of trachea, bronchi, nasal cavity.
Protection, secretion; cilia-mediated transport of particles trapped in mucus out of the air passages.

Stratified (two or more layers)
Squamous keratinized (dry)
Epidermis.
Protection; prevents water loss.


Squamous nonkeratinized (moist)
Mouth, esophagus, larynx, vagina, anal canal.
Protection, secretion; prevents water loss.


Cuboidal
Sweat glands, developing ovarian follicles.
Protection, secretion.


Transitional
Bladders, ureters, renal calyces.
Protection, distensibility.


Columnar
Conjunctiva.
Protection.

22. Recognize the major types of covering epithelia in histological preparations.

RECOGNIZE
23. Define neuroepithelial cells.

Neuroepithelial cells are cells of epithelial origin with specialized sensory function (e.g., cells of taste buds).

24. Define myoepithelial cells.

Myoepithelial cells are branched cells that contain myosin and a large number of actin microfilaments. They are specialized for contraction, mainly of the acini of the mammary, sweat, and salivary glands.

25. Describe the general process of gland formation.

Epithelial cells proliferate and penetrate connective tissue. The may -or may not – maintain contact with the surface. When contact is maintained, exocrine glands are formed: without contact, endocrine glands are formed. The cells of these glands can be arranged in cords or follicles. The lumens of the follicles accumulate large quantities of secretion; cells of the cords store only small quantities in their cytoplasm.

26. Compare and contrast glands whose cells are arranged in cords to those arranged in follicles.

Two types of endocrine glands can be differentiated according to cell grouping. In the first type, the agglomerated cells form anastomosing cords interspersed between dilated blood capillaries (e.g., adrenal gland, parathyroid, anterior lobe of the pituitary). In the second type, the cells line a vesicle or follicle filled with noncellular material (e.g., the thyroid gland). 

27. Compare and contrast simple and compound exocrine glands.

Simple glands have only one unbranched duct, while compound glands have ducts that branch repeatedly. Also, the simple glands can be tubular, coiled tubular, branched tubular, or acinar. Compound glands can be tubular, acinar, or tubuloacinar. 

28. Define merocrine, holocrine, and apocrine glands.

Merocrine: glands in which secretory granules leave the cell by exocytosis with no loss of other cellular material (e.g., the pancreas)

Holocrine: glands in which the product of secretion is shed with the whole cell – a process that involves destruction of the secretion-filled cells (e.g., sebaceous glands)

Apocrine: gland in which the secretory product is discharged together with parts of the apical cytoplasm 

29. Explain why the DNES is a better designation that the older acronym, APUD.

DNES (Diffuse NeuroEndocrine System)

APUD (Amine Precursor Uptake and Decarboxylation) 

Because not all of these cells concentrate amine precursors, the APUD designation has largely been replaced by DNES.

30. Define the term carcinoma.

Carcinoma: Any of the various types of malignant neoplasm derived from epithelial tissue in several sites, occurring more frequently in the skin and large intestine in both sexes, the lung and prostate gland in men, and the lung and breast in women. Carcinomas are identified histologically on the basis of invasiveness and the changes that indicate anaplasia, i.e., loss of polarity of nuclei, loss of orderly maturation of cells (especially in squamous cell type), variation in the size and shape of cells, hyperchromatism of nuclei (with clumping of chromatin), and increase in the nuclear-cytoplasmic ratio. Carcinomas may be undifferentiated, or the neoplastic tissue may resemble (to varying degree) one of the types of normal epithelium.

PART II - BIOCHEMISTRY

1. The Cell Membrane.

A. Membrane transport. List the factors affecting transport of solutes across cell membranes.

1. Concentration differences across membranes.

2. The membrane acting as a mechanical barrier.

3. The nature of the solute being transported.

4. Transport mechanisms (facilitated or active transport).

5. Transmembrane potential differences.
B. Transport mechanisms.

a. Simple (passive) diffusion.

In general the diffusion rate per unit area of diffusing surface may be expressed by: V=D(S1-S2) where V is the velocity of diffusion, S is the substrate concentration in each phase (1 and 2) and D is the diffusion coefficient which measures the permeability of the membrane to solute.
Describe the manner in which the chemical nature of the membrane results in different rates of passive diffusion for fat-soluble and water soluble compounds.

Since the plasma membrane behaves in many cases as if it were a lipid layer it is not surprising that in general passive permeability is more or less directly related to a solute’s lipophilic nature.
Describe the relationship of these solubilities to polarity, pH, and the pKa of the solutes. 

The polarity of a solute will change with pH if the solute contains groups that dissociate as weak acids. The charge on the solute at any given pH is dependent upon the pKa of the groups it contains, and this will affect its permeability.
Discuss the effect of concentration gradients on diffusion. 

The flux of solutes in the case of free diffusion depends on the concentration gradient existing between two phases. At equilibrium between two phases the solute concentration in each is the same.
b. Facilitated diffusion.

Explain the nature of carrier mediated transport and how it can be altered by solute competition.

What one frequently observes is that as the solute is increased the flux eventually ceases to increase but instead reaches a maximal value, implying that some site or carrier is being saturated at high concentrations. This structure or group is said to mediate the transport. Sometimes the same carrier site transports several structurally similar compounds. In this case each solute will act to inhibit transport of the other as they compete for the limited number of sites available.

c. Active transport. Define active transport and describe how to demonstrate it experimentally.

Transport that is dependent upon metabolic energy for movement against a gradient is called active transport. The gradient could be electrical (charge difference across the membrane) instead of a concentration gradient or it could be both.

In 1939, Cohn and Cohn using 24Na showed that sodium could rapidly enter the red blood cell in the intact dog. Harris then showed that a net exchange of sodium for potassium ion occurred when erythrocytes were cooled. If the cells were then places at 37°C the sodium and potassium returned to their pre-equilibrium concentrations. However, if the cells were rewarmed in saline solution reequilibriation did not occur unless glucose was also present. It was therefore obvious that the work of maintaining concentration gradients required an input of energy that in this case was delivered through glucose metabolism.  
Discuss the relationship of sodium-potassium ATPase activity to the “Na+-K+  pump” and the effect of inhibitors and oxidative phosphorylation uncouplers on this process.

The transport is accomplished by a carrier system involving an integral protein of the membrane. This transporter protein is also the ATPase enzyme. It is able to transport 3 Na+ out of the cell at the same time that it transports 2 Ka+ into the cell, all at the expense of an ATP. One way this could work is the ions bind to the transporter protein that then undergoes a conformation change mediated by the hydrolysis of the ATP. As a result there is a change in the affinity for Na+ and K+ ions and they are released on the other side of the membrane against a concentration gradient. Ouabain inhibits the transport by binding to the membrane transport protein. An oxidative phosphorylation uncoupler increases the permeability of the inner mitochondrial membrane to protons. As a result metabolism continues but little ATP is produced. This in turn decreases the activity of the sodium potassium pump. 
Give examples of biological compounds that are transported by active processes.


glucose, amino acids, calcium ions, magnesium ions, etc.
d. Define antiport, symport, and uniport systems.

Antiport: Transport of one molecule across the membrane requires the simultaneous transport by the carrier of another molecule in the opposite direction.

Symport: Transport of one molecule requires the simultaneous transport of another in the same direction.

Uniport: A single species in transported across a membrane.

e. Particulate transport. Be able to describe and differentiate pinocytosis, exocytosis, phagocytosis, and secretion.

Pinocytosis: cell drinking; invagination of the cell membrane and formation of small vesicle to uptake liquids

Exocytosis: release of matter from the cell through fusion of an secretory vesicle with the cell membrane

Phagocytosis: cell eating; ingestion of particulate material involving an alteration in the shape of the plasma membrane as it surrounds the material and encloses it in a membrane-bound vesicle

Secretion: material is carried to Golgi apparatus, packaged and released through exocytosis

C. Transmembrane potentials.

a. Define the resting potential and its units, discuss how it is dependent upon differential ion distribution and diffusion across a semi-permeable membrane.

The interior of most cells has a high concentration of K+ and a low one of Na+. An ATP-driven pump generates these ionic gradients. In the resting state, the membrane of a cell is much more permeable to K+ than to Na+, and so the membrane potential is largely determined by the ratio of the internal concentration of K+. The membrane potential of –60mV in unstimulated cells is near the –75mV level  (K+ equilibrium potential) that would be given by a membrane permeable only to K+.

b. What is the Nernst equation and how is it used? Describe the meaning of the Goldman equation.
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The Nernst Equation is used to find the potential of a system under non-standard conditions, or to find the concentration of a reactant or product by measuring the potential of a cell. 

Goldman Equation: constant field equation; Goldman-Hodgkin-Katz equation; GHK equation; an equation derived to predict membrane potentials in terms of the membrane's permeability to ions and their concentrations on either side.

2. Proteins (including amino acids, pH, and buffers).

A. pH and Buffers. Define acid and base using the Brönsted concepts. Demonstrate an ability to utilize the concept of buffering and the Henderson-Hasselbalch equation in the solution of problems concerning pH and pK, particularly with the major physiological buffer systems, phosphate and bicarbonate.

The Brönsted definition of an acid is a compound, charged or uncharged, which can liberate hydrogen ions (protons) into solution. A base is a compound that can accept protons from solution. The base formed by the dissociation of a particular acid is called the conjugate base and the corresponding acid is called the conjugate acid. 

Henderson-Hasselbalch Equation: 
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B. Amino acids and peptides.

a. Recognize the amino acid structures found in proteins.

b. List the amino acids that have R groups (side chains) which are non-polar, polar, acidic or basic. Discuss how the structure of the R groups can affect the physiological function of proteins. 

Amino Acid
R- Group
pI of R- Group

Aspartic Acid
Carboxyl
3.9

Glutamic Acid
Carboxyl
4.3

Tyrosine
Phenolic OH
10.1

Cysteine
Sulfhydryl
8.2

Histidine
Imidazolium
6.0

Lysine
ε-Amino
10.5

Arginine
Guanidinium
12.5

α-COOH 
: 2.2

α-NH3+  
: 9.5

c. Define peptide bond, oligopeptide and polypeptide.

Peptide Bond: the common link (—CO—NH—) between amino acids in proteins, actually a form of amide linkage, formed by elimination of H2O between the α—COOH of one amino acid and the α-NH2 of another

Oligopeptide: a series of up to 20 amino acids linked by peptide bonds

Polypeptide: a series of greater than 20 amino acids linked by peptide bonds

d. Give the approximate pK values of the dissociable R groups of amino acids and be able (in conjunction with the Henderson-Hasselbalch equation) to draw an approximate titration curve and determine isoelectric points (pI) for the amino acids or simple peptides.

C. Basic Protein Structure

a. Define primary, secondary, tertiary, and quaternary structure of proteins and

differentiate between them as to types of bonds involved. Describe the (-helix, and (-pleated sheet, and random coil.

Primary structure of a protein refers to the covalent bonding that determines its amino acid sequence. 

Secondary structure of proteins consists of the configuration of the polypeptide chain in relation to the amino acids composing that chain. The most important configurations are:

α-Helix: a right-handed helix with hydrogen bonds between NH and C=O along the axis of the helix

β-Pleated sheet: antiparallel chains with hydrogen bonds between NH and C=0 in adjacent chains 


Random Coil: an arrangement that is bent in a seemingly random fashion

Tertiary structure of proteins is the arrangement of the twisted helical chains or sheets of polypeptides in space.

Quaternary Structure of many proteins is a fourth level of organization in that they are composed of several monomeric units each with its own primary, secondary and tertiary structures. 

b. Describe the four characteristics of a denatured protein and list the type of agents that can bring about such a state.

1. Loss of biological activity

2. Lowered solubility in water

3. Greater reactivity to chemical agents and proteolytic enzyme

4. Changes in optical rotation of a plane polarized light

Agents that can denature proteins include: 

· Heat

· 6-8M urea or guanidinium-HCL 

· Strong acids or bases 

· Heavy metals 

· Radiation 

· Ultraviolet light

· Surface forces, detergents

· Organic solvents

c. Give word equations for the Edman degradation and discuss how it is used to sequence proteins.

Phenylisothiocyanate is used to react with the amino group of the N-terminal end of a polypeptide chain under slightly basic conditions. Then using anhydrous acid, the N-terminal is split from the rest of the peptide, still attached to the reagent as a phenylthiohydantoin derivative and leaving the intact polypeptide behind with one less amino acid in the chain. The removed amino acid can be identified and the whole two-step process repeated with the shortened peptide. The key is the two steps are carried out under very different conditions of acidity.

d. Differentiate between covalent bonds, hydrogen bonds, ionic bonds, hydrophobic bonds, and Van der Waals forces.

NAME
Kcal/mole
DESCRIPTION

Covalent bonds

50-100
Two atoms sharing an electron pair

Hydrogen bonds
1-7
Sharing of a H atom between two electronegative atoms (N,O,F)

Ionic bonds
1-20
Coulombic attraction of opposite charges (weak in aqueous environment, stronger in low dielectric areas)

Hydrophobic bonds
2-3
Binding together of non-polar molecules due to exclusion of hydrogen-bonded water molecules

Van der Waals forces
<1
Interaction between transitory dipoles and the induced dipoles they cause  (strength) inversely proportional to (distance)6

3. Energy.

A. Describe the relationship of the calorie (joules) to heat.

The unit of energy for heat is the calorie, that amount of heat needed to raise the temperature of 1 gm of water from 14.5 to 15.5˚C. It is the equivalent to 4.18 joules of mechanical work.

B. Discuss the differences between the free energy change ((G) and the standard free energy change ((G() of a reaction. Show by equation how the amount and sign of these free energy changes are related to the equilibrium state of a chemical reaction and the amount of calories which can be derived from it.

The standard free energy change ((G() is for one mole of reactant being converted to one mole of product under conditions where each is maintained in its standard state, i.e., a concentration of 1.0 M, and by convention at a pH of 7.0. The free energy ((G) tells us how much energy we can obtain as equilibrium approaches (or must input to drive it back to equilibrium), given specified starting concentration of products and reactants. Note that (G is a comparison of the current state with the equilibrium state (represented by (G().
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C. Discuss the concepts of high energy compounds and the steady state.

The temporary forms of energy are limited in kind and number, and are often referred to as high energy compounds. Some of them are phosphate compounds, and all are characterized by hydrolysis reaction with equilibria far in the direction of hydrolysis because of the stable nature of the products. Hence, they have large negative (G( values and yield relatively high amounts of energy (on the order of 7,000 to 14,000 calories per moles) compared to other compounds in the body. 

Steady state is any condition in which the formation or introduction of substances just keeps pace with their destruction or removal so that all volumes, concentrations, pressures, and flows remain constant.

4. Enzymes.

A. Enzyme activity and its measurement.

a. Define energy of activation (“energy barrier” in Harper) and describe its relationship to the rate of spontaneous reaction and how it is affected by an enzyme.

Energy of Activation (Ea): energy that must be added to that already possessed by a molecule or molecules in order to initiate a reaction

An enzyme catalyzes the reaction by lowering Ea, possibly by putting strain on the molecule by binding to it or bringing the reactants into closer proximity to each other. Lowering the Ea allows equilibrium to be achieved at a faster rate. However, the energy of activation does nothing to change where equilibrium is attained.

b. Define enzyme units, specific activity, turnover number (molecular activity).

Enzyme units: the amount of enzyme that will cause the conversion of 1 micromole of substrate to product in one minute at 25˚C under optimum conditions of measurement

Specific activity: the ratio of the number of units of enzyme in a sample to the number of milligrams of protein in that sample (specific activity increases during purification)

Turnover number (or molecular activity): the number of molecules of substrate converted to product by one enzyme molecule in one second

B. Classification and specificity. Discuss the nature and categories of specificity of enzyme action, and how this is related to metabolic regulation. Describe the action of enzymes marked * in the handout.

Enzymes are usually stereospecific (for D or L isomers, for example). They are also highly specific for the type of reaction carried out and for the structures of the reactants (substrates) involved. 

1. Oxidoreductases. Enzymes which catalyze oxidation-reduction reactions.

•Dehydrogenases: remove hydrogen and transfers it to an acceptor (not O2).

•Oxidases: remove hydrogen and transfers it to oxygen.

•Oxygenases: catalyze oxidation but with oxygen incorporated into the substrate.

2. Transferases. Enzymes which transfer a group other than H from on substrate molecule to another.

•Kinase: enzymes catalyzing the transfer of phosphate from ATP to another substrate, or the reverse reaction.

3. Hydrolases. Enzymes which cleave the substrate by addition of water.

•Phosphatases: hydrolyze off phosphate groups from a substrate.

4. Lyases. Enzymes which catalyze removal of a group, other than by hydrolysis, leaving a double bond behind.

•Synthases: any enzyme in this class can be names a synthase when it is desired to emphasized the synthetic (reverse) direction.

5. Isomerases. Enzymes which catalyze such isomerizations as D-L, cis-trans, and aldoses to ketoses.

•Mutases: catalyze the shift of position of a group within the same molecule (e.g., phosphate, amino, or methyl groups). Some mutases are in group 2 because of mechanistic considerations.

6. Ligases. Enzymes that catalyze the joining together of two molecules by coupling the reaction with hydrolysis of a phosphate from ATP or other high-energy triphosphate compound.

•Synthetase: an acceptable synonym for a ligase, retained from older nomenclature.  

C. Kinetics.

a. Describe the effects of pH, temperature, and enzyme concentration on enzymatic activity.

The pH will affect the rate of an enzyme reaction by changing the charges on dissociable groups of either the enzyme or the substrate. Extremes of pH may also decrease the activity by denaturing the enzyme.

A temperature increase generally increases the rate of an enzymatic reaction. However, eventually higher temperatures decrease the reaction by heat denaturation of the enzyme.

In biological systems, the enzyme concentration is the most important. There is usually a direct relationship between enzyme concentration and the rate of a reaction.

b. Show how the rate of an enzymatic reaction changes with time and substrate concentration. Differentiate between zero, first, and second order kinetics.

The order of reaction refers to the number of reactants whose concentrations affect the rate of the reaction. The enzyme concentration doesn’t count, since it’s a catalyst and not a reactant. Note that during any particular run the enzyme concentration remains constant anyway, but it can be varied over a series of runs and will affect the rates. The concentration of the substrate affects the velocity of a chemical reaction. The velocity rises with increases in substrate concentration but eventually a plateau is approached where a maximal velocity (VM or VMAX is attained. 

First Order Reaction: rate depends on both the concentration of enzyme and the concentration of substrate

Zero Order Reaction: at higher levels of substrate, where the enzyme sites are saturated with substrate, the rate of reaction depends only on the enzyme concentration (important to maintain in clinical enzyme assays)

Second Order Reaction: rated depends on concentration of enzymes, substrate, and another reactant

c. Write the Michaelis-Menten equation. Define Km and discuss why it is useful. 
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KM is the Michaelis constant; the substrate concentration in moles per liter which will give a velocity which is half the maximum velocity 

•The Michaelis constant KM has two meanings.

First, KM is the concentration of substrate at which half the active sites are filled. Once the KM is known, the fraction of sites filled fES at any substrate concentration can be calculated.

Second, KM is related to the rate constants of the individual steps in the catalytic scheme. A high KM indicated weak binding; a low KM indicates strong binding. It must be stressed that KM indicates the affinity of the enzyme-substrate (ES) complex only when the dissociation of the ES complex to E and S is much more rapid than the formation of E and product.
Compare and contrast hexokinase and glucokinase. Explain what importance can be ascribed to the KM of each.


Hexokinase
Glucokinase

Tissue distribution (example)
Brain cells
Liver cells

KM
Low (0.1mM)
High (5mM)

Inhibition by glucose-6-phosphate
Yes
No

The role of glucokinase is to provide glucose-6-phosphate for the synthesis of glycogen, a storage form of glucose. The high KM of glucokinase in the liver give brain and muscle first call on glucose when its supply is limited. 


d. Define the terms initial velocity (v or v0) and maximum velocity (VM).

Initial velocity: initial rate of a reaction measured by the slope of a first order reaction (low substrate concentrations)

Maximum velocity: the maximum rate of a reaction independent of substrate concentration

e. Describe the mechanistic differences between competitive, noncompetitive, and allosteric inhibition. Distinguish between them graphically and give examples of each.

Competitive inhibition:

Noncompetitive inhibition:

Allosteric inhibition:

D. Other factors affecting enzyme action.

a. Isoenzymes (isozymes). Describe what they are and how they may be related to clinical diagnosis.

An isoenzyme is one of a group of enzymes that are very similar in catalytic properties but may be differentiated by variations in physical properties, such as isoelectric point or electrophoretic mobility; e.g., lactate dehydrogenase, a tetramer composed of varying amounts of α and β subunits (i.e., 4α; 3α + 1β; 2α + 2β; 1α + 3β; and 4β). Such a determination of isoenzyme composition is an aid to diagnosis since damaged tissues releases enzymes to the blood in a pattern of isoenzymes characteristic for that tissue. The amount of these enzymes released can also be an indicator of the extent of damage. In the case of lactate dehydrogenase the isoenzyme pattern can be an indication of coronary infarct.

b. Define the terms: apoenzyme, holoenzyme, coenzyme, cofactors, and prosthetic groups.

Apoenzyme: the protein portion, free of any coenzyme or prosthetic group

Holoenzyme: the enzyme plus any cofactors

Cofactors: other molecules required by enzymes for activity

Coenzyme: relatively dissociable cofactors

Prosthetic groups: tightly bound cofactors

5. Carbohydrate Structure and Metabolism.

A. Basic structures.

a. Explain how the monosaccharides D-glucose, L-glucose, galactose, mannose and fructose differ in structure from one another (structural formulas and configurations need not be memorized). Define asymmetric carbon atoms, enantiomers, diastereoisomers, and epimers. 

b. Indicate which monosaccharides link together (and the specific type of linkage) to form disaccharides maltose, lactose, sucrose and the polysaccharides starch, glycogen, and cellulose.

c. List the components and physiological functions of hyaluronic acid, chondroitin sulfate, and heparin. Differentiate between glycoproteins, mucopolysaccharides, glycosamionglycans, and proteoglycans. Describe the structure of sialic acid. 

B. Glycolysis.

a. Identify each of the reactions, enzyme names, and coenzymes of glycolysis (Embden-Meyerhof pathway).

b. List the three physiologically irreversible enzyme reactions in glycolysis. 

c. List the control points and the rate limiting step in glycolysis.

d. List the steps in glycolysis that require ATP and those that result in the conservation of energy as ATP.

e. Explain why the glycolytic pathway requires a supply of oxidized NAD+ and how the cell can regenerate it from its reduced form.

f. Describe how fructose and galactose are metabolized to compounds of the glycolytic pathways in order to be used for energy. How are enzyme deficiencies responsible for the galactosemia disease states? 

C. Gluconeogenesis.

a. Discus gluconeogenesis including the additional enzymes needed to get around the irreversible steps of glycolysis.

b. Give word equations for the reactions catalyzed by pyruvate carboxylase and phosphoenolpyruvate carboxykinase and list the cofactor requirements for each enzyme. What are the roles of acetyl CoA and biotin in the process?

D. Krebs tricarboxylic acid cycle [TCA cycle].

a. Identify or recognize each reaction of the Krebs cycle, and the reactions of the pyruvate dehydrogenase complex and citrate synthase. For these reactions you should know the enzyme names, cofactors involved, and points of energy production.

b. Describe the controls of the Krebs cycle.

E. Electron transfer system.

a. Write out the sequence of the hydrogen and electron carriers of the electron transfer chain, showing which complex contains which carrier.

b. Locate the points of inhibition of antimycin A, barbiturates, (e.g., amytal), carbon monoxide and cyanide.

c. Differentiate between the structure of coenzymes Q, FAD, FMN, and NAD. Given these structures, show where these molecules undergo oxidation and reduction.

d. Explain why succinic dehydrogenase action in the Krebs cycle results in 1 less high energy phosphates compared to NADH.

e. Describe the action of uncouplers such as dinitrophenol, and inhibitors such as oligomycin and atractyloside on oxidative phosphorylation. Describe how oxidative phosphorylation differs from substrate level phosphorylation.

f. Discuss how reducing equivalents may be shuttled into the mitochondrion from the cytoplasm. [(-glycerol phosphate shuttle, malate shuttle]

g. Describe the relationship between redox potential differences and the free energy obtained from a redox reaction.

h. Discuss the chemiosmotic hypothesis of oxidative phosphorylation and how energy trapping from oxidations is mediated through a proton gradient.     

F. Glycogen metabolism.

a. Describe the enzymatic breakdown of glycogen in cells and the role of phosphorylase, glycosyl transferase, and amylo-1,6-glucosidase (debranching enzyme) in this process.

b. Describe the synthesis of glycogen with a description of the formation of UDP-glucose and the roles of glycogen synthetase and the branching enzyme. 

c. Discuss how glycogen synthesis and breakdown are controlled in the cell.

G. The pentose pathway.

a. List the main metabolic functions of the pathway and the type of tissue where the pathway would be found.

b. Describe the oxidative and nonoxidative nature of the reactions of the pathway and state the cofactor involvement in the action of glucose-6-phosphate dehydrogenase, transketolase and transaldolase.

6. Lipids.

A. Nomenclature. Give the common names and draw the structures of the C16, C18, and C20 fatty acids and the C18 unsaturated fatty acids. Give appropriate names to these in the omega and n- nomenclature as well.

C16





Palmitic Acid 

16:0
n-hexadecanoic acid



Palmitoleic Acid
16:1 Δ9

9-hexadecenoic acid
16:1 n-5
16:1 ω5

C18





Stearic Acid
18:0
n-octadecanoic acid



Oleic Acid
18:1 Δ9
9-octadecenoic acid
18:1 n-9
18:1 ω9

**Linoleic Acid
18:2 Δ9,12
9,12-octadecadienoic acid
18:2 n-6
18:2 ω6

**Linolenic Acid
18:3 Δ9,12,15
9,12,15-octadecatrienoic acid
18:3 n-3
18:3 ω3

C20





Arachidic acid
20:0
n-eicosanoic acid



Arachidonic Acid 
20:4 Δ5,8,11,14
5,8,11,14-eicosatetraenoic acid
20:4 n-6
20:4 ω6


**Essential fatty acid


B. Fatty acid catabolism. Outline the general scheme of fatty acid oxidation ((-oxidation); give cofactors, role of carnitine, and detail the fate of the products of the oxidation. Discuss the energy yield from fat as compared to carbohydrate.

A step-wise process cleaves fatty acids with oxidations occurring at the beta-carbon atom. This process takes place in the mitochondrion causing two carbon units to be released as acetyl-CoA.


1st Step:

The first step is activation by acyl CoA synthetase which requires 2 high energy phosphates (ATP ( AMP) and which forms fatty acyl coenzyme A derivatives. This takes place in cytosol. To transport the fatty acyl CoA into the mitochondria this derivative is reacted with a small molecule, carnitine, to form acylcarnitine, which in turn is transported across the inner mitochondrial membrane by translocase enzyme in the membrane. Carnitine is β-hydroxy-γ-trimethyl ammonium butyrate and is synthesized from lysine and methionine in the liver and kidney.


2nd Step: Oxidation linked to flavin (FAD ( FADH2)



To produce trans-Δ2-Enoyl CoA


3rd Step: Hydration (add H2O)



To produce L-3-Hydroxyacyl CoA


4th Step: Oxidation linked to a pyridine nucleotide (NAD+ ( NADH + H+)



To produce 3-Ketoacyl CoA


5th Step: Thiolysis, i.e. cleavage using (CoA-SH)



To produce acyl CoA shortened by two carbon atoms and acetyl-CoA

Each acetyl-CoA unit yields 12 ATP in the Krebs cycle. The FADH2 and NADH formed during the β-oxidation would yield an additional 5 ATP when oxidized in the electron transport chain. The major role of fatty acid oxidation is to produce ATP for other cellular functions.


CARBOHYDRATE (Glucose)
FAT (Palmitate)

Molecular Weight
180.2
256.4

ATP’s produced per molecule
36
129.

ATP’s produced  per carbon atom
6.00
8.07

Moles ATP produced per gram
0.20
0.50

Kilocalories per gram (based on ATP equivalent to 7500 calories)
1.50
3.77

Respiratory Quotient (CO2 produced / O2 consumed)
1.00
0.71

P/O (ATP produced / oxygen atoms consumed)
3.0
2.82

C. Ketone bodies. List the ketone bodies and describe how they are formed. Explain why fatty acids cannot be gluconeogenic. 

D. Fatty acid synthesis. Name the required starting materials and cofactors and describe the steps necessary for the addition of each 2-carbon unit to the initial acetyl CoA. Contrast this pathway to the catabolic pathway including cellular localization.

E. Unsaturated fatty acids. Discuss the location of double bonds in fatty acids and the limitations in synthesizing unsaturated fatty acids in mammals. 

F. Formation of triglycerides. Describe the requirements for triglyceride synthesis.

G. Fat Mobilization. Discuss the mobilization of fat (as fatty acids) from adipose tissue. Include the role of the hormone sensitive lipase and the effect of catecholamines. Describe how free fatty acids (FFA or non-esterified fatty acids, NEFA) resulting from lipolysis  in adipose tissue, are transported in the bloodstream and taken up in other tissue. 

H. Formation of phospholipids. List the phospholipids, give their general properties, their component parts and indicate how they are synthesized.

I. Plasma lipids and lipoproteins. 

a. Describe the general chemical composition of these lipids: chylomicrons, very low  density lipoproteins (VLDL), low density lipoproteins (LDL), high density lipoproteins (HDL). Outline their functions in the transport of lipids in the bloodstream.

b. Discuss the central role of the liver in lipid transport and metabolism. Explain how choline deficiency, essential fatty acid deficiency, carbon tetrachloride and puromycin might cause fatty liver and interfere with this role.

c. Describe the transport of cholesterol from peripheral tissues to liver, including the role of HDL and lecithin: cholesterol acyl transferase.

J. The Sterols. Name the compounds involved in cholesterol synthesis and summarize how the subsequent intermediates are successively joined to form the basic sterol nucleus. Describe how the rate is controlled.  

K. Sphingolipids. List the components of sphingomyelin and cerebrosides. Identify the sphingolipidoses listed below and describe the enzymatic action that is blocked in each disease state.

Gaucher’s disease


Krabbe’s disease

Tay Sach’s disease


Niemann-Pick disease

Fabry’s disease


Metachromatic muscular dystrophy

L. Eicosanoids. Describe the paths of conversion of the essential fatty acids through arachidonate to the three major classes of eicosanoids and the roles molecular oxygen, cyclooxygenase and lipoxygenase play in these pathways. Describe in general terms the function of the compounds formed and the effects of aspirin and NSAIDs on these. 

7. Amino Acid Metabolism.

Essential amino acids:
PVT TIM HALL 


Phenylalanine Valine Tryptophan


Threonine Isoleucine Methionine 


Histidine Arginine Leucine Lysine

A. Removal of amino groups. Describe how glutamic dehydrogenase and glutamic-oxaloacetic transaminase act together to deaminate amino acids. Discuss how ammonia toxicity is handled.

Glutamate dehydrogenase: The amino groups of most amino acids are ultimately funneled to glutamate by means of transamination with α-ketoglutarate. Glutamate is unique in that is the only amino acid that undergoes rapid oxidative deamination, a reaction catalyzed by glutamate dehydrogenase. Therefore, the sequential action of transamination (resulting in the collection of amino groups from other amino acids onto α-ketoglutarate to produce glutamate) and the subsequent oxidative deamination of that glutamate (regenerating α-ketoglutarate) provide a pathway whereby the amino groups of most amino acids can be released as ammonia.  

Aspartate aminotransferase (AST), also called glutamate oxaloacetate transaminase (GOT), is an exception to the rule that aminotransferases funnel amino groups to form glutamate. During amino acid catabolism, aspartate aminotransferase transfers amino groups from glutamate to oxaloacetate, forming aspartate, which is itself used as a source of nitrogen in the urea cycle. 

•Ammonia travels to the kidney for direct excretion, or to the liver for conversion to urea (80-90%), primarily by being first converted to nontoxic glutamine. Circulating glutamine is removed by the kidneys and deaminated by glutaminase.

B. Write word equations for the conversion of ammonia to urea. Discuss why the cycle is necessary, from what components the C and N atoms of urea are derived, whether energy is required, and which reactions occur in the mitochondria and cytosol. Describe the role of alanine in nitrogen excretion (glucose-alanine cycle).  

Overall stoichiometry of urea cycle:

Aspartate + NH3 + CO2 + 3ATP ( Urea + fumarate + 2ADP + AMP + 2Pi + PPi + 3H2O 

The first two reactions leading to the synthesis of urea occur in the mitochondria, whereas the remaining cycle enzymes are located in the cytosol.

1. Formation of carbamoyl phosphate: Formation of carbamoyl phosphate by carbamoyl phosphate synthetase I is driven by cleavage of two molecules of ATP. Ammonia incorporated into the carbamoyl phosphate is provided primarily by the oxidative deamination of glutamate. Ultimately, the nitrogen atom derived from this ammonia becomes one of the nitrogens of the urea molecule. Carbamoyl phosphate synthetase I requires N-acetylglutamate for activity.

2. Formation of citrulline: Ornithine and citrulline are basic amino acids that participate in the urea cycle but are not incorporated into cellular proteins because there are no codons for these amino acids. Ornithine is regenerated with each turn of the urea cycle, much the same way that oxaloacetate is regenerated by the reactions of the citric acid cycle. The release of the high-energy phosphate of carbamoyl phosphate as Pi drives the reaction in the forward direction. The reaction product, citrulline, is transported to the cytosol.

3. Synthesis of argininosuccinate: Citrulline condenses with aspartate to form argininosuccinate. The α-amino group of aspartate provides the second nitrogen that is ultimately incorporated into urea. The formation of argininosuccinate is driven by the cleavage of ATP to AMP and PPi. This is the third and final molecule of ATP consumed in the formation of urea. 

4. Cleavage of argininosuccinate: Argininosuccinate is cleaved to yield arginine and fumarate. The arginine formed by this reaction serves as the immediate precursor of urea. Fumarate produced in the urea cycle provides a link with several metabolic pathways: Fumarate is hydrated to malate, which is transported into the mitochondria and re-enters the TCA cycle. Alternatively, cytosolic malate can be oxidized to oxaloacetate, which can be converted to aspartate or glucose.

5. Cleavage of arginine to ornithine and urea: Arginase cleaves arginine to ornithine and urea. Arginase occurs almost exclusively in the liver. Thus, whereas other tissues can synthesize arginine, only the liver can cleave arginine and thereby synthesize urea. 

MEMORIZE AND LEARN THE UREA CYCLE
The alanine released by muscle is produced by the glucose-alanine cycle, which involves the transport of glucose from the liver to the muscle and the return of carbon atoms to the liver as alanine.

a. Glucose is oxidized in muscle to pyruvate, producing energy.

b. Pyruvate can be transaminated to alanine, which travels to the liver carrying nitrogen for urea synthesis and carbon for gluconeogenesis. 

C. Metabolism of the carbon skeleton. Contrast metabolism of the carbon skeleton. Contrast ketogenic and glucogenic amino acids and show how each amino acid may enter pathways of carbohydrate or fat metabolism. Do not memorize the catabolic sequence of each amino acid.

Most amino acids are glucogenic, that is, they can go through gluconeogenic pathways to give a net increase in glucose. Some amino acids are ketogenic, that is, they form acetyl CoA or acetoacetate which can form ketone bodies. These products can not increase glucose formation. Note that an amino acid can be both ketogenic and glucogenic since different parts of the molecule form different products. 

IDENTIFY AMINO ACID ENTRANCE PATHWAYS 

D. Active fragments and one-carbon metabolism. Describe what is meant by the term “active” and give examples of active compounds. Describe how the use of one-carbon units at different oxidation levels as folate acid derivatives is achieved. Discuss the roles of vitamin B12 and S-adenosylmethionine in this process.

In many reactions in biochemistry small groups or parts of a molecule are used in the biosynthesis of important molecules in the body. Frequently these are attached to a large organic molecule (coenzyme) which serves as a carrier that can be attached to an enzyme. Since attachment to the carrier often carries with it a considerable amount of energy that can be used in the biosynthesis, these molecular complexes are often designated “active.”

Group Transferred
Organic Carrier

-CH2COO-
Coenzyme A

-SO4-
Phosphoadenylic acid

-PO3-
Adenosine diphosphate (ADP)

-H or electrons
NAD+ or NADP+

-CH3
S-Adenosylhomocysteine

Tetrahydrofolic acid (FH4)

-CH2OH
Tetrahydrofolic acid (FH4)

-CHO
Tetrahydrofolic acid (FH4)

-COO-
Biotin

-NH2
Pyridoxal phosphate

SEE ONE CARBON METABOLISM AND OBSERVE KEY ISSUES
· Vitamin B12 is involved in two reactions in the body. It is used in the rearrangement of the methyl group of methylmalonyl CoA to form succinyl CoA, and it transfers a methyl group from 5-methyl FH4 to homocysteine to form methionine. 

· S-Adenosylmethionine (SAM), which is produced from methionine and ATP, is involved in the transfer of methyl groups to compounds such as creatine, phosphatidylcholine, epinephrine, melatonin, and methylated polynucleotides.

E. Important compounds derived from amino acids. For the compounds listed below, recognize the structures, discuss their main role in the body, and name the amino acid from which each is derived. Do not memorize the details of the synthesis or breakdown of these compounds. 

DERIVATIVES
AMINO ACID
FUNCTION

(nor)epinephrine
Tyrosine
Adrenal hormones that increase cardiac output, and causes glycogenolysis by increasing cAMP formation. Norepi is the neurotransmitter. 

Serotonin
Tryptophan
Peripheral vasoconstrictor. Important in brain metabolism

Histamine
Histidine
Causes capillary expansion, gastric secretion, and is releases during allergic reactions.

Melanin
Tyrosine
The chief skin pigment is a polymer made from the indole ring of tyrosine. Melanin is formed in melanocytes. 

Thyroxine
Tyrosine
One of the important thyroid hormones. An important stimulus for growth and overall metabolic rate. Intermediates are diiodotyrosine and triiodothyronine, formed by iodination of the protein thyroglobulin in the thyroid gland.

Nicotinic acid
Tryptophan
As the amide, is a vitamin, important in the coenzymes NAD and NADP.

Taurine
Cysteine
A highly polar compound which combines with cholic acid to form taurocholate, one of the bile acids.

Creatine
Glycine, Arginine or Methionine
Synthesized in liver and kidney, creatine is sent to muscle where it is converted to creatine phosphate, an energy reservoir for re-supplying ATP to tissues.

F. Identify the compounds (e.g., citrate, carnitine and pyruvate) which link together carbohydrate, amino acid and lipid metabolism and describe how transport proteins act to convey them between cell components.

Carnitine Shuttle (Transport of fatty acids into the mitochondria): First, an acyl group is transferred from the cytosolic coenzyme A to carnitine by carnitine acyltransferase I, forming O-acylcarnitine. The enzyme is located on the outer surface of the inner mitochondrial membrane. Second, the acylcarnitine group is transported across the membrane to the mitochondrial matrix, where it is transferred to another molecule of coenzyme A by carnitine acyltransferase II on the inner surface of the inner mitochondrial membrane.

Citrate Shuttle (Transport of acetyl portion of acetyl-CoA into the cytosol): First, acetyl-CoA and oxaloacetate are combined to from citrate by citrate synthase. The coenzyme A is removed and only the acetyl portion is used to form citrate. The citrate is transported from the mitochondrion to the cytosol, where it is cleaved by citrate lyase and coenzyme A is reintroduced to produce cytosolic acetyl-CoA and oxaloacetate. The shuttle involves an antiport transport system in which malate from the cytosol is exchanged for citrate from the mitochondria. 

Malate Shuttle (Transport of oxaloacetate to the cytosol): First, oxaloacetate is reduced to malate, which can be transported from the mitochondria to the cytosol. In the cytosol, malate is reoxidized to oxaloacetate.  

 
Characteristics of the malate shuttle include:

· it is an extra system for heart, muscle and liver;

· it can transfer reducing equivalents in either direction 

· the malate penetrates both membranes and utilizes NAD+-linked dehydrogenase on each side. As a result, 3 ATP can be formed from the transport instead of 2.

1. The crossing of the membranes involves two antiport transport systems: 

2. malate for α-ketoglutarate

3. aspartate for glutamate

α-Glycerol Phosphate Shuttle (Transport of reducing power into the mitochondria): First, NADH is used to reduce dihydroxyacetone phosphate to α-glycerol phosphate in the cytosol. The α-glycerol phosphate penetrates the outer mitochondrial membrane. Reoxidation of the α-glycerol phosphate by FAD-linked dehydrogenase in the inner membrane regenerates reducing power as FADH2 within the mitochondria. The dihydroxyacetone phosphate diffuses through the outer membrane back into the cytosol to complete the cycle. Since the mitochondrial enzyme uses a flavoprotein, only 2 ATP are generated from the oxidation of glyceraldehyde-3-phosphate in glycolysis.
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