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Warning!!!    Do not rely entirely on this guide for studying!!!   It is merely an outline of what you will be expected to know.   Use your lecture notes and book to complete your studying!!

METABOLISM:

All cells and organisms must obtain the energy needed to make ATP from the outside world.   There are three key ways of doing this:

Chemotrophs:    These organisms utilize simple chemical reactions involving inorganic or simple organic molecules to produce the energy they need.     Examples of such reactions include using CO2 and H2 gas or hydrogen-rich molecules to make methane (methanogens), using H2S and coverting it to elemental S, or to SO4 (sulfate) ions, or even to sulfuric acid.   These metabolic strategies are done only by certain bacteria and archea that frequently live in extreme and hostile environments.

Autotrophs:    These organisms use the energy of light to produce energy rich molecules such as ATP and ultimately to synthesize glucose for later use.   In short, these are the photosynthetic organisms.   Some bacteria and nearly all plants do this.

Heterotrophs:   These organisms take in organic molecules and perform reactions on them that release the energy needed to make ATP.   This includes most bacteria, most protists, all fungi and all animals.

Energy-producing metabolism has common features:

All involve oxidation (removal of electrons) and reduction (addition of electrons) reactions.   Oxidation of incorporated molecules and passing the electrons to other molecules releases the energy needed to make ATP.

All use nucleotide coenzymes such as NADH to donate electrons to or to supply electrons during these reactions.

Our focus is on the most widely used pathways of energy-producing metabolism.    They are:

Glycolysis:   The splitting of glucose into two 3-carbon pyruvic acid molecules.

Fermentation:   Conversion of pyruvic acid into carbon dioxide and one of several 2-carbon molecules.

Formation of acetyl-CoA:   Conversion of pyruvic acid, amino acids, or fatty acids into 2-carbon acetyl (acetic acid) groups that are immediately covalently attached to the carrier molecule Coenzyme A (CoA)

Kreb’s Cycle:   Removal of the 2-carbon acetyl group from CoA and breaking it down completely into 2 carbon dioxide molecules, resulting in the production of GTP and the energy-rich coenzymes NADH and FADH.

Oxidative metabolism:    Removal of electrons from NADH and FADH, passing them down an electron transport chain of enzymes, and ultimately passing them to oxygen and producing water.

Photosynthesis:    Light is absorbed and ejects 2 electrons from chlorophyll, which are then passed down electron transport chains of enzymes, with the released energy used to make ATP and the enrgy-rich coenzyme NADPH.   The ATP and NADPH are then used to provide energy to convert 6 carbon dioxide molecules into a glucose.

In eukaryotic (nucleated) cells, acetyl-CoA formation, Kreb’s cycle and oxidative metabolism occur in specialized cellular organelles, the mitochondria.   Likewise in plants (but not bacteria) photosynthesis occurs in organelles called chloroplasts.

Glycolysis:

Glycolysis is a nearly universal process that splits the sugar glucose into two molecules of pyruvic acid, generating ATP in the process.    Glycolysis occurs in the cytoplasm of cells, and does not require oxygen (anaerobic).     Glyclysis produces 2 ATP and 2 NADH per glucose.   The NADH in this case is not used to generate more ATP through oxidative metabolism because it isn’t transported inot mitochondria.

Although glucose is the starting material for glycolysis, polysaccharides are first broken down into sugars (recall that starch, cellulose and glycogen are made exclusively of glucose), and enzymes convert other sugars into glucose (the reverse process is used commercially to make high-fructose corn syrup)

Glycolysis occurs in several steps,each catalyzed by enzymes, but the overall process can be summarized as three distinct phases.

A.   Modifying the sugar so it can be split easily:    By itself, glucose is a pretty tough molecule that would be very difficult to split, so it is altered in several steps.   First, a phosphate is transferred from aTP to the glucose to make glucose-6-phosphate.   Then the Glu-6-phoshpate is converted to fructose-6-phosphate.   Finally, a second ATP transfers a phosphate to the sugar to make fructose 1,6 diphosphate, which is quite unstable because the two phosphates are on adjacent carbons and they repel each other.   This puts a lot of stress on the carbon-carbon covalent bond.    Note that these steps require use of 2 ATP!

 B.    Splitting the sugar:     The next step is to split the sugar into 2 -3-carbon molecules, each with an attached phosphate.   In the next step, an additional phosphate is added to each of the 3-carbon molecules, but this step does not require use of ATP!   Instead, an enzyme can covalently attach inorganic phosphate ions to these molecules in an exergonic reaction.

C.   Energetic payoff:    Now, its time for payback!!!   Enzymes successively remove each phosphate from the two 3-carbon molecules and transfer them to ADP to make ATP.   The first step removes one phosphate from each of the 3-carbon molecules, resulting in 2 ATP and making up for the 2 ATP originally used.   The second step removes the remaining phosphate from each of the 3-carbon molecules, resulting in 2 more ATP.   The resulting 3-carbon molecule has no attached phosphates and is pyruvic acid, our final end product.

Fermentation:

Fermentation is actually a diverse set of reactions performed by many microorganisms.   Fermentation starts with many potential molecules and generates many different products.   Some forms of fermentation produce energy and some do not.   Our focus is on the fermentation of pyruvic acid, the most common and important form.

Pyruvic acid is quite toxic, corrosive and hard to excrete as well.   To avoid pyruvic acid poisoning, fermentation converts pyruvic acid into molecules that are less toxic and easier to excrete.    During this type of fermentation, pyruvic acid has a carbon removed and released as carbon dioxide, resulting in one of several 2-carbon molecules.   This process also requires use of an NADH.    The 2-carbon molecules produces include ethanol (the basis for the alcoholic beverage industry as well as production of ethanol for industrial and fuel purposes), widely produced by yeast, acetic acid, produced by both yeast and many bacteria, lactic acid, produced by the acidophilus and lactobacilli found in yoghurt, and even acetone.    Different strains of microbes perform different forms of fermentation, or alter the fermentation reactions depending on environmental conditions.   Selecting the exact strain or strains of yeast and using consistent environments for their growth are very important in beer and winemaking industries…a slight change can turn fine wine into an undrinkable, vinegary fluid.

In eukaryotic cells, oxidative metabolism, acetyl-CoA formation, and Kreb’s cycle all occur in the mitochondria.  In prokaryotes, oxidative metabolism occurs on the cell membrane and the rest occur in the cytoplasm.

The Mitochondria

Mitochondria are specialized organelles found only in eukaryotes that perform most of the energetic processes of metabolism (except for glycolysis and fermentation) and generate most of the cell’s ATP.   Each cell has hundreds of mitochondria.

Mitochondria have two membranes that are radically different from each other.   The membranes are separated by a very narrow intermembrane space.     The inner membrane is folded up like an accordion to increase surface area and these folds are known as the crystae.    From outside to inside, these are the major features and processes occurring in the mitochondria:

The outer membrane contains numerous facilitated diffusion and active transport channels to move ATP out, pyruvic acid in and many other molecules.

The intermembrane space is where H+ ions are actively transported into from the matrix, which is critical in ATP production.

The inner membrane is the location of oxidative metabolism.   It contains the electron transport chain enzymes and ATP synthetase enzymes.

Once through both membranes, the mitochondrial  interior is a fluid and enzyme-filled compartment called the matrix.   The matrix is where Kreb’s cycle, acetyl CoA formation, fatty acid and amino acid metabolism for energy occur.

The matrix also contains mitochondrial DNA…Both mitochondria and chloroplasts have a circular loop of DNA containing a number of genes.   Mitochondrial DNA typically has genes for a few tens of mitochondrial proteins (the several hundred other genes needed to make a mitochondria are in the nucleus and the resulting proteins are transported into the mitochondria).    Additionally, mitochondria have and make their own tRNAs and have their own ribosomes.    The mitochondrial ribosomes are different from those in the cytoplasm, they are smaller and resemble the ribosomes of bacteria.

The discovery of DNA, and ribosomes in mitochondria and chloroplasts supported the endosymbiotic theory of their origin.   According to this theory, mitochondria and chloroplasts are descended from oxidative or photosynthetic bacteria that got into the cytoplasm of an ancestral cell and stayed there as a symbiotic “guest”, providing capabilities (such as photosynthesis) that the ancestral host cell did not have.    Over time, their descendents gradually lost their independence and many of their genetic functions were trqansferred to the nucleus of the host cell.   The evidence for this theory is the remarkable similarities of mitochondrial and chloroplasts to bacteria.

Bacteria, chloroplasts and mitochondria have their DNA as a circular molecule, while eukaryotic cells have linear pieces of DNA with open ends (chromosomes).

The ribosomes of bacteria, mitochondria and chloroplasts are similar to each other and have the same sensitivity to antibiotics.   Eukaryotic ribosomes are larger and operate somewhat differently.

The structure and organization of mitochondrial and chloroplast genes are like that in bacteria and different from that in eukaryotes.

Finally, mitochondria and chloroplasts can divide on their own, independently of the cells they inhabit (though usually these organelles divide when the cell does), and they divide by the process known as fission that bacteria use, and distinctly different from the process of mitosis that is how eukaryotic cells divide.

Formation of Acetyl CoA:

Acetyl Coenzyme A (acetyl CoA is the “fuel” for Kreb’s Cycle.   It consists of the largish molecule Coenzyme A with a covalently bound 2-carbon acetyl group (acetic acid covalently bound to a molecule)   In as sense, the coenxyme A acts as a carrier for the acetyl group.    

All  food molecules that are metabolized to generate energy generate acetyl CoA.      In bacteria, these processes occur in the cytoplasm, while in eukaryotes, acetyl CoA is generated in the mitochondrial matrix.      

Pyruvic acid from glycolysis is transported into the mitochondrial matrix, where an enormous enzyme complex tears a carbon off the pyruvic acid, releasing it as carbon dioxide, and then joins the resulting 2-carbon acetyl group to Coenzyme A to make acetyl CoA.   Note that this process resembles fermentation and was probably derived from it, except that the 2-carbon acetic acid is immediately covalently attached to Coenzyme A.

Fatty acids from triglycerides and other glycerol-fatty acid lipids are brought into the mitochondrial matrix, where enzymes chop them into 2-carbon fragments that get attached to coenzyme A to make acetyl CoA.   Since a typical fatty acid consists of 14 – 24 carbons, each fatty acid can make a lot of acetyl CoA    This is why fats have more calories per gram than sugars and polysaccharides (carbohydrates); they make more acetyl CoA.

Amino acids that are used for energy production rather than for production of new proteins, are metabolized in the mitochondrial matrix by several pathways to make acetyl CoA.   This occurs in a protein-rich diet that is low if fats and carbohydrates.

Kreb’s Cycle:

Kreb’s cycle, also known as the TCA cycle or the citric acid cycle, occurs in the mitochondrial matrix (or cytoplasm for bacteria).    It is a multi-step enzyme cycle where the product of one reaction becomes the reactant (substrate) for the next, and when the cycle is complete, the original starting molecule is generated.   Krebs cycle essentially takes the 2-carbon acetyl group from acetyl CoA and breaks it completely down into 2 carbon dioxide molecules, generating energy-rich molecules in the process.

The first step in Kreb’s cycle is where an enzyme transfers the 2-carbon acetyl group from acetyl CoA to a 4-carbon organic acid (oxaloacetic acid) to generate the 6-carbon molecule citric acid (this is the same citric acid that gives lemons and oranges the sour taste).   During subsequent steps in Krebs cycle, the citric acid is converted into other 6-carbon molecules, then a carbon is removed and released as carbon dioxide, resulting in a 5-carbon molecule, and after a few more steps, the 5-carbon molecule loses another carbon as carbon dioxide, resulting in 4-carbon molecules that are converted into the original oxaloacetic acid.    At various steps in Kreb’s cycle, a GTP is produced, which can be used to produce an ATP, and four energy-rich nucleotide coenzymes are produced.     These coenzymes are 3 NADH and 1 FADH.    When electrons are removed from these coenzymes and passed to oxygen during oxidative metabolism, each NADH can provide energy for the production of 3 ATP, while the FADH can power the production of 2 ATP.     In order to get this huge energetic payoff, the coenzymes must be used in oxidative metabolism.

Oxidative metabolism (= oxidative phosphorylation):

Oxidative metabolism is the process that removes electrons from NADH and FADH, passes them down an electron transport chain of enzyme complexes, and ultimately donates the electrons to oxygen to make water.   This series of oxidation-reduction reactions releases a large amount of energy that is used to power ATP production.    In bacteria, oxidative metabolism occurs on the cell membrane, while in eukaryotes, it occurs on the inner membrane of the mitochondria.

The inner membrane of the mitochondria has the three  embedded large enzyme complexes of the electron transport chain, as well as ATP synthetase enzymes.    The first enzyme complex removes 2 electrons from NADH, resulting in NAD+ and an H+ ion, and passes them from one protein to the next in the enzyme complex.   These proteins usually have iron ions at their cores which actually donate and receive the electrons.    This electron transfer within the enzyme complex releases energy, which is then used by the enzyme complex to actively transport H+ ions from the matrix to the intermembrane space.     Electrons are then passes to a small, hydrophobic shuttle molecule that passes them to the second enzyme complex.   As before, the 2 electrons are passed around within the second enzyme complex and the resulting energy is used to actively transport more H+ from the matrix to the intermembrane space.   (a different enzyme removes 2 electrons from FADH and passes them to this second enzyme complex).    The electrons are again passes to a “shuttle” molecule (a small protein called Cytochrome C) which passes them to a third enzyme complex.   Once again, electrons are passed around within the third complex and H+ is actively transported from the matrix to the intermembrane space.    The third enzyme complex finally passes the electrons to an oxygen atom, which combines with 2 H+ and makes water (2e- + 2H+ + O = H2O).    Oxygen is therefore the final electron acceptor in this process.   If there is no oxygen around, the process stops.

ATP Production:   The chemieosmotic mechanism:

How does the energy released in oxidative metabolism get used to make ATP?   The answer lleis in the large amount of H+ transported into the intermembrane space by the electron transport chain enzymes.   The intermembrane space has 50-fold higher H+ concentration than the matrix due to the active transport, and is positively charged electrically compared to the matrix, since lots of + charged ions have been moved across.   This difference represents a source of energy.   In some respects it is similar to a biological version of a capacitor…storing electrical charge across an insulating barrier and then discharging it to do something..

The H+ ions are allowed to move back to the matrix by going through a channel in the ATP synthetase enzyme.   This facilitated diffusion of H+ releases energy, which the enzyme uses to covalently couple ADP and phosphate ions to make ATP.    This mechanism, where active transport of H+ ions across a membrane builds up a concentration difference and facilitated diffusion of H+ back through ATP synthetase powers ATP production is known as the chemieosmotic mechanism.

Photosynthesis:

Plants, some protists, and some bacteria produce energy-rich molecules by using the energy of light in photosynthesis.   In photosynthetic bacteria, these processes occur in their cytoplasm and on their membranes, while in eukaryotes, they occur in a specialized organelle, the chloroplast.

Photosynthesis consists of two major parts;   the light reactions (light-dependent reactions) which absorb light and use that energy to produce the energy-rich molecules ATP and NADPH, and the dark reactions (light-independent reactions), which join 6 carbon dioxide molecules together to make glucose and uses up ATP and NADPH.

The Chloroplast:

Chloroplasts are the organelles in eukaryotes that are specialized to support photosynthesis.   They strongly resemble both mitochondria and bacteria and likewise are believed descended from ancestral photosynthetic bacteria that inhabited some ancestral cells (the endosymbiotic theory).

Chloroplasts have two membranes, an outer membrane specialized for transport, and an inner membrane.   To increase surface area, the inner membrane is organized into a series of stacked membrane-bound sacs called thylakoids.   The stacks of thylakoids are called grana.    The thylakoid membranes are where the photosystems and other machinery of the light reactions are located.    The fluid and enzyme-filled interior of the chloroplast is known as the stroma.   The stroma has the enzymes of the dark reactions.   Also in the stroma is the circular chloroplast DNA, with several tens of genes (once again, 90+% of the proteins needed to make a chloroplast are coded for by genes in the nucleus), small “prokaryotic” type ribosomes, and tRNAs.    Like mitochondria, chloroplasts divide by fission as do bacteria, though they usually divide when the cell itself divides.

Photosynthesis:  Light Reactions:

The light reactions of photosynthesis involve the absorbing of light by photosynthetic pigments such as chlorophyll, and then using that energy to produce ATP and the coenzyme NADPH.    

The machinery of the light reactions consists of two types of photosystems, photosystem I or PS I and photosystem II or PSII.   Each photosystem is a massive, membrane-embedded complex of enzymes with about a score of embedded pigment molecules, mostly chlorophylls but also including many other pigments such as carotinoids and xanthans.    Each photosytem has a reaction center chlorophyll where that light energy is transferred to and which elects electrons from the molecule when it gets the energy.   Surrounding each photosystem is multiple copies of a small hydrophobic protein with several embedded pigments, forming the light-harvesting complex or LHC.   There separate LHCs for each photosystem, LHC-1 and LHC-2.   The LHCs provide additional area for light absorption, and transfer that energy into the photosystems and ultimately to the reaction center chlorophyll.    Associated with each photosystem is an electron transport chain of enzymes and small organic molecules.   Photosystem I is specialized for the production of ATP while PSII produces NADPH.    Finally, there are numerous chloroplast ATP synthetase enzymes that make ATP by the chemiosmotic mechanism described previously.

We start photosynthesis with photosystem II.   Light is absorbed either by the photosystem II itself or by the surrounding LHC -2, and the energy is transferred to PS II’s reaction center chlorophyll.   The reaction center chlorophyll then ejects 2 electrons from itself.   These electrons are picked up by a small organic molecule that acts as the initial electron acceptor, and is then passed down an electron transport chain of both proteins and small organic molecules.   The key part of this electron transport chain is a large enzyme complex, the cytochrome B6/F complex, that passes the electrons within itself.   The resulting energy release is used by the cytochrome B6/F complex to actively transport H+ ions from the stroma to the interior of the thylakoid, in a manner similar to the electron transport chain of the mitochondria.   The H+ concentrated in the thylakoid interior then leaks back through ATP synthetase which uses the energy released to make ATP by the chemieosmotic mechanism.   The cytochrome B6/F complex passes the 2 electrons to the rest of the electron transport chain, which finally passes the electrons to the reaction center of photosystem I.   This replaces electrons lost from PSI when light is absorbed.    Therefore, for photosystem II, energetic electrons are ejected from the reaction center chlorophyll by light and the final electron acceptor is the reaction center of photosystem I.    How photosystem II gets replacement electrons will be described later.

Photosystem I or its LHC absorbs light and the energy is transferred to the PSI reaction center chlorophyll, which also ejects 2 electrons.   Another electron acceptor picks up the electrons and passes it to an electron transport chain of proteins and small organic molecules.   The 2 electrons are then passed to a large enzyme complex, NADP reductase, which transfers them to the coenzyme NADP+ to make NADPH, our second energy-rich molecule (2e- + h+ + NADP+ = NADPH).   For photosystem I, the source of energetic electrons is from chlorophyll, and the final electron acceptor is NADP+.

How does the reaction center of photosystem II get replacement electrons?   If electrons were not replaced, the reaction center could be used only once, since light would not be able to eject any additional electrons from chlorophyll aside from the first two.   Photosystem II has a remarkable enzyme that grabs a water molecule, rips 2 electrons from it and passes those electrons to the reaction center chlorophyll.    This reaction is summarized as H2O---(  2e-  +  2H+    + O, which quickly binds another oxygen atom to form oxygen gas.    Therefore plants and photosynthetic bacteria release oxygen because they are getting replacement electrons for their photosystem reaction center from water.    Oxygen in effect is a by-product of replacing electrons for the photosystem.   

When photosynthesis first evolved some 3+ billion years ago, the earth’s atmosphere had no oxygen at all.   Photosynthetic bacteria produced oxygen and “polluted” the atmosphere with their toxic waste!!    The rise in oxygen levels was toxic to the organisms at that time…some buried themselves in mud and other oxygen-free environments (many anaerobic bacteria are still with us) while other organisms developed mechanisms to get rid of oxygen in their cells or to repair the damage resulting from it.   One such mechanism was to transfer electrons to oxygen from molecules such as coenzymes, turning the oxygen into safe, harmless water.    This process, now called oxidative metabolism, also generated lots of energy that could be used to make ATP! 

Cyclic Photophosphorylation:

Occasionally, a plant (bacteria don’t do this) needs ATP alone and not NADPH.   They can use a process known as cyclic photophosphorylation.   In this process, light ejects 2 electrons from the reaction center of photosystem I.   The electrons are passed down part of PSI’s electron transport chain and then to the cytochrome B6/F complex normally associated with photosystem II.   The cytochrome B6/F complex actively transports H+ into the thylakoid interior to eventually power ATP production.   The cytochrome B6/F complex then passes the electrons down the rest of the PSII-associated electron transport chain and ultimately back to the reaction center of photosystem I.   Therefore, in cyclic photophosphorylation, electrons are passed from the PSI reaction center and eventually back to it again, and elements of both the PSI and PSII electron transport chain are used.    Plants can switch back and forth from the normal, two-photosystem photosynthesis to cyclic photophosphorylation as needed.

Dark Reactions:  The Calvin Cycle:

The dark reactions occur in the chloroplast stoma and synthesize glucose from carbon dioxide, using up ATP and NADPH.   The major reactions form a multi-step enzyme cycle called the Calvin Cycle after the scientist who first described it.

In the Calvin cycle, 6 carbon dioxide molecules are covalently attached to 6 copies of a 5-carbon sugar, ribulose 1,5 diphosphate.   This process splits the sugar in two, resulting in 12 copies of a 3-carbon molecule.   After several steps, including one that uses all 12 NADPH and 12 ATP, two of the 3-carbon molecules are removed and joined together to make glucose.   The other 10 3-carbon molecules undergo several reactions, including one that uses the last 6 ATP, and are eventually joined together to re-create the 6 copies of ribulose 1, 5 diphosphate.    Therefore, the overall reaction is summarized as 6 CO2 + 12 NADPH + 18 ATP --( Glucose.

The C4 Cycle:

The enzyme that attaches carbon dioxide to ribulose 1,5 diphosphate only works at high carbon dioxide concentrations.    This is a real problem for plants that live in hot, dry climates, because most photosynthesis occurs in their leaves and the leaves close off the stomata, preventing water loss but also gas exchange.   Therefore, carbon dioxide levels inside the leaves quickly drop too low to allow the enzyme that attaches carbon dioxide to ribulose 1,5 diphosphate to work.

Many of these plants, such as most grasses, cereal grains (which are members of the grass family) and desert plants have an additional process that helps deal with this problem, the C4 cycle.    In the C4 cycle, an enzyme attaches carbon dioxide to a 3-carbon molecule to make a 4-carbon molecule, which is then modified and another enzyme removes a carbon (as carbon dioxide) and passes it to the Calvin cycle enzyme.   Unlike the Calvin cycle enzyme, the enzyme that attaches carbon dioxide in the C4 cycle works even at very low carbon dioxide levels.    After carbon dioxide is given to the Calvin cycle, the resulting 3-carbon molecule is then altered to generate the original 3-carbon molecule.   The C4 cycle uses ATP in the process, but it is well worth it, since it allow the plant to produce glucose even under hot and dry conditions.

Cellular Organelles:

Ribosomes:  

 Found in both prokaryotes and Eukaryotes, the ribosomes synthesize the proteins of the cell by binding to and :reading: the messenger RNAs.   T-RNAs are used to bind amino acids and position them precisely on the ribosome so they can be joined together.    Prokaryotic ribosomes are smaller and of slightly different composition than eukaryotic ribosomes.   Mitochondrial and chloroplast ribosomes are very similar to the prokaryotic ribosomes and distinctly different from eukaryotic ribosomes.   Ribosomes consist of 3 (prokaryotic) or 4 (eukaryotic) ribosomal RNAs (r-RNAs) and 60 – 80 small proteins.   The largest of the r-RNAs is what actually covalently joins amino acids together, therefore, the ribosome is a ribozyme!

Mitochondria:

Found only in eukaryotes, they are the location of oxidative metabolism, Kreb’s cycle and acetyl coA formation.   

Chloroplasts:

Found only in eukaryotic photosynthetic protists and plants, they perform the light and dark reactions of photosynthesis.

The secretory pathway and its derivatives:

Eukaryoties only have a specific pathway for production and processing of membrane lipids and proteins, secreted proteins, lipids, polysaccharides, and other molecules, and the formation of vesicles and many organelles.    Prokaryotes obviously make membranes and secrete various molecules, but they do not have a distinctive pathway and set of organelles specialized for these functions.

The secretory pathway involves the endoplasmic reticulum (ER) first, with the final processes occurring in the Golgi Apparatus.

The endoplasmic reticulum (ER):

The ER is a network of interconnected membrane-bound tubules and chambers that is the initial step of the secretory pathway.   The ER in many cells fills up much of the cytoplasm.    There are two major types of ER, with specialized but partly overlapping functions, though they are interconnected.   

Rough ER:   The rough ER has a membrane studded with attached ribosomes, which produce proteins destined for processing in the secretory pathway.   The rough ER also synthesizes some polysaccharides and lipids.

Smooth ER:   The smooth ER has no attached ribosomes and is specialized for lipid and polysaccharide synthesis.   The smooth ER also contains numerous enzymes that are designed to metabolize internal and external toxins by converting them into less toxic products.  The diverse cytochrome P-450 family of enzymes are major examples of these detoxification enzymes.   The smooth ER also is the cell’s major storehouse of Ca++ ions, which are actively transported inside from the cytoplasm and released upon demand through facilitated diffusion Ca++ channels.

Protein processing in the ER:

All proteins destined for the secretory pathway have a short signal peptide of about 20 amino acids on their “front” end that is recognized by a special protein-RNA complex (the signal recognition particle) which binds to it as the protein is being synthesized on the ribosome and then carries the ribosome and the secretory protein to the ER, where it attaches to the ER membrane.   

As the protein is being synthesized on the now-attached ribosome, it is being passed through a channel in the ER membrane.   While the protein is still being synthesized, enzymes inside the ER start to work on the protein.   An enzyme called signal peptidase cuts off the signal peptide, other enzymes covalently attach core polysaccharides to the protein, and ER chaparones help the protein to fold.   Once protein synthesis is complete, the protein is released from the ribosome into the ER interior.

The protein in the ER undergoes one or more processing steps, which can include cutting off other parts of the protein, modifying specific amino acids, or other things.   Once each step is completed, enzymes modify the attached polysaccharides by adding or removing specific sugars.   This polysaccharide modification acts as a quality control mechanism, to ensure that each step is done in sequence.

Once a protein’s processing in the ER is complete, ER receptor proteins bind it and other completely processed or synthesized molecules, move them together in one location, and then that region of the ER pinches off to form a transport vesicle to take the molecules to the Golgi apparatus.

Golgi Apparatus and final processing:

The Golgi apparatus is the cell’s “shipping department”   It’s primary function is to sort molecules by destination and then send them off in vesicles budded off the Golgi to their final destination.   Some final modification and processing of molecules occurs there as well.   The Golgi is a series of flattened, stacked membrane-bound chambers.    Vesicles from the ER merge with the Golgi and various Golgi receptor proteins bind specific “destination codes” on the molecules, then cluster together and a new vesicle buds off.

Destination codes are specific sugars on polysaccharides and/or specific exposed amino acid sequences on a protein.   For example, a mannose-6-phosphate sugar at the end of a polysaccharide is the destination code for lysosomes.   The absence of any specific code results in the molecules being secreted; the so-called default pathway.    Several nasty genetic diseases are caused by lack of the proper destination code on proteins or the lack of receptors that recognize them.   Some versions of Tay-Sach’s disease, are caused by lack of specific lipid-digesting enzymes to be sent to lysosomes, resulting in toxic build-up of certain lipids in nerve cells and eventual nerve cell death.

Several different fates of molecules in the secretory pathway are known:    Note that when a vesicle merges with a cellular membrane, the membrane of the vesicle, with all its proteins and lipids, becomes part of the target membrane.    This is how new membrane is generated.

Secretion:   Vesicles from the Golgi merge with the outer cell membrane and dump their contents outside.   This includes hormones, proteins of the extracellular matrix, growth factors and various signaling molecules. 

Delayed secretion:  Secretory vesicles bud off the Golgi but do not immediately fuse with the outer cell membrane and instead wait until some specific signal causes secretion.   Examples include neurotransmitter vesicles and the histamine vesicles of certain white blood cells that cause allergic symptoms.

Storage vesicles:   Some Golgi-derived vesicles serve as storehouses of nutrients or other molecules.   Examples include lipid vesicles and glycogen or starch vesicles that can supply nutrients to cells when needed or be released into the bloodstream.

Plant vacuoles:   Plants have a giant vesicle called the vacuole, which often takes up much of the space in the cytoplasm.   Vacoules serve as a waste storage chamber and also have numerous enzymes important to plant cell function.

ER and Golgi:   Both the ER and Golgi membrane and contents are derived from the secretory pathway!    Vesicles containing new membrane and enzymes merge back with the Golgi or ER.

Organelle membranes:    New membrane and often contents are often derived from Golgi vesicles.

Specific organelles:   Some large Golgi vesicles become organelles in their own right, each filled up with specific enzymes.   Examples include lysosomes and microbodies.

Golgi-derived vesicles are moved around by the cytoskeleton.   Each vesicle has specific “lock and key” membrane proteins that will only bind to proteins on the right target membrane, which then causes the vesicle to merge with the target membrane.

Lysosomes:

Lysosomes are large, Golgi-derived vesicles filled with enzymes that digest proteins, lipids, polysaccharides and nucleic acids.   They serve several important roles, including digestion of molecules or cells that the cell takes in (commonly used in “predatory” cells such as many protists and the macrophages of the immune system that consume bacteria and virally-infected or dead cells.), intentional destruction of unwanted or damaged organelles, which fuse with a lysosome, and destruction and breakdown of unwanted molecules such as certain polysaccharides and lipids.

Since the lysosome membrane is made of lipids and proteins like any other membrane, why doesn’t the enzymes inside eat their way out of the membrane and go into the cytoplasm, killing the cell?   The answer is that lysosomes have low internal pH (about 5.0) that inactivates the enzymes.   This is caused by ATP- using active transport H+ channels which actively transport H+ inside.   Failure of H+ active transport, such as when cells run out of ATP, results in a slow pH rise in lysosomes that eventually activates the enzymes inside.   They digest their way out and then digest the cell from the inside out!

The cytoskeleton:

The cytoskeleton consists of three interacting systems of protein fibers or filaments that paly numerous roles in the cell.   The cytoskeleton gives cells their shape, causes cell movement, moves and positions vesicles and organelles inside the cell, interacts with membrane proteins to anchor or move them within the membrane, and even positions or moves ribosomes and mRNAs.

With each cytoskeletal system, there are one or more proteins that either exist as individual molecules or assemble into fibers and filaments in a completely reversible manner.    Additionally, there are numerous regulatory proteins that perform various functions, including promoting filament assembly and stabilizing filaments, promoting filament breakdown into the individual protein molecules, joining many filaments together to form bundles or networks, binding to other cytoskeletal filaments, and binding to membrane proteins on the outer cell membrane or on to organelles and vesicles.    Additionally, cytoskeletal systems have motor proteins.   Motor proteins bind to the cytoskeleton fiber at one end and then to vesicles, orgnelles RNAs or other cytoskeletal fibers at the other end.   The motor proteins then “walk” down the cytoskeletal fiber by using ATP hydrolysis as an energy source, dragging the attached cargo along the fiber.   Motor proteins in a sense act like locomotives, dragging cargo down cytoskeletal “railways”.

There are three major systems of the cytoskeleton:

Microfilaments:

Microfilaments are a double row of the protein actin that twists into a spiral.   Microfilaments are especially abundant near the outer cell membrane.   They give some cells their shape, are involved in most cell crawling-type movements (think of an amoeba).   They also interact with membrane proteins to move them around or anchor parts of the membrane to the deeper cytoplasm.    Microfilaments also move some vesicles and organelles around, as well as many mRNAs and ribosomes.    Microfilaments use motor proteins called the myosins.   Myosins form a diverse family of proteins with partly overlapping functions.   One specialized arrangement of the microfilament cytoskeleton is in  muscle.   Muscle cells have extensive, regular arrangements of microfilaments and myosins.  Here, thin filaments  (actin microfilaments) attach to and are pulled together by thicjk filaments of a specific muscle myosin, causing contraction.

Microtubules:

Microtubules form hollow tubes inside the cell.   They are made of a 2-subunit protein called tubulin, which forms the walls of the microtubule.   Microtubules gives many cells their shape, and are responsible for most movement of organelles and vesicles.   For example, the neurotransmitter vesicles of nerve cells are transported down the axon by microtubules.   Microtubules move and organize the traffic of secretory vesicles and therefore allow secretion in specific regions of the cell or in specific patterns.

Microtubles have two associated families of motor proteins.   The dyenins move one direction along the microtubule while the kinesins (usually) move in the opposite direction. 

Microtubules are rather difficult to assemble in cells at the concentrations of tubulin molecules present.   Therefore, nearly all microtubles assemble from specific structures called microtubule organizing centers or MTOCs that contain proteins that promote microtubule assembly.   The centriole is the best known example of an MTOC.

Microtubles form a few specialized structures.     The mitotic spindle is a re-arrangement of the normal network of microtubles that bind to chromosomes and separate them during mitisis.    Thbe spindle fibers (microtubules) radiate from structures called asters, which are MTOCs that are usually known as  centrioles.    Chromosome movement during mitosis is very complex, and requires over 20 different dyneins and kinesins, each with a specific task.      Cilia and flagella are specialized arrangements of several microtubules arranged in a barrel shape, and interconnected with proteins.   Cilia and flagella whip around, propelling the cell through the water of fluid.   The movement of cilia and flagella is due to dyneins.    Sperm cell “tails” are examples of flagella.   Cilia and flagella are similar in structure, but cilia are much shorter.

Intermediate filaments:

Intermediate filaments are made of many different cell-specific proteins that all assemble into filaments and all have structural features in common.   Unlike the others, intermediate filament proteins spontaneously assemble together but the filaments fall apart when the proteins are phosphorylated.    Intermediate filaments are very tough and durable.   Their main function is to give cells mechanical strength and resistance to crushing, scraping and other harsh treatment.   The keratins are the intermediate filaments of epithelial cells.   They give skin its durability, the keratin networks of long-dead cells form hair, nails, claws, horns and feathers.   Nearly all cells also have an intermediate filament network, made of 3 proteins called lamins, just beneath the nuclear membrane which is important in keeping the nuclear membrane structurally intact, and attaching DNA, RNAs and other nuclear components.    The rare genetic disease called progeria, which causes catastrophically rapid aging, is due to a mutation in one of the lamins.   This results in grossly misshapen nuclei, loss of organization of nuclear components and function, and rapid cell death.

