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Chapter 1: Prelude

Achievments of Nowadays Biochemistry

Due to biochemical research we understand today a lot about how molecular mechanisms within organisms make life possible. The flow of genetic information from a living being to his descendants or from a cell to new-built cells needs an encoding in form of DNA or RNA respectively. Gaining energy in photosynthesis bases on a molecule storing and transporting engergy, ATP. Further processes based on biochemical reactions are folding of proteins, recognition of substrates by enzymes, and detection of signal molecules. These and many more functions of biochemical molecules can be explained by their threedimensional structure.

Models of Molecules

Models of molecules reduce their complexity to a degree at which they can be handled comfortably. The simplification increases in the sequence: space-filling model, ball-and-stick model, skeletal model.

Orders of Magnitude within Molecules and Cells

The extension of biomoleculare units ranges from 300 Å (Ribosomes) to 7 m (blood-cells). The time of typical processes is from pico-seconds (primary events) to several seconds (synthesis of a protein). Energies are on the scale of kilocalories per mole (ATP: 12 kcal/mol).

Charakter of Molecule Bonding in Biochemistry

Beside covalent bonds, noncovalent bonds play an important role in biochemistry. These are electrostatic bond, hydrogen bonds, and Van-der-Waals-bonds. Electrostatic bond and hydrogen bond energy is about 3-7 kcal/mol, whereas that of Van-der-Waals bonds is only about 1 kcal/mol. The latter can be easily cleaved by thermal energy at room-temperature.

Water and Hydrophobic Interactions

As a polar molecule, water is very cohesive. Thus, nonpolar molecules tend towards forming aggregations to minimize contact with water and so decrease thermodynamic energy. Also, water competes in reactions of other polar molecules. For that reason, polar biochemical reactions often take place within a polar cavity that keeps water out.

Chapter 2: Protein Structure and Function

Functions of Proteins

Proteins have a wide range in their function: 

1. As nearly all known enzymes are proteins, they play a crucial role in encymatic catalysis. 2. Proteins transport and store small molecules, for example oxigen or iron respectively in blood-cells. 3. Proteins are responsible for coordinated motion, e.g. that of muscles, chromosomes in mitosis, or sperm. 4. Skin and bone are mechanically supported by proteins. 5. Antibodies in our immune system are Proteins. 6. Proteins generate and transmit nerve impulses and mediate such stimuli as receptores. 7. They control growth and differentiation as repressor proteins, growth factor proteins, or hormones.

The 20 amino acids (see pp. 20-23)

All proteins in all species are constructed from the same set of 20 amino acids. The most simple one is glycine, more complex amino acids have additional side chains or reactive hydroxyl and sulfhydril groups. They are hydrophylic to a varying extent. Two Cystein molecules can build a dimer by a disulfide bridge (p.25). Only L-amino acids are constituents of proteins.

The Peptide Bond

Biosynthesis of peptide bonds requires an input of free energy, it is thermodynamically uphill. The sequence of amino acids joined together by peptide bonds makes proteins unique (in structure and function). The information of sequence is lain down in DNA. Peptide bond cleavage will alter the properties of the protein, for example change the soluble fibrinogen in blood to the unsoluble fibrin. The addition of sugars (fatty acids) makes a protein more hydrophilic (hydrophobic).

The peptide unit is rigid and planar: the bond between carbonyl carbon atom and nitrogen atom is not free to rotate due to ist partial double-bond character. The rigidity enables proteins to have well-defined threedimensional forms. The folding of proteins is made possible by free rotation on either side of the peptide unit.

 Helix and  pleated Sheet

The-helix is stabilized by hydrogen bonds between the NH and CO groups of the main chain. The product of the  helix´ translation (1.5 Å) and the number of residues per turn (3.6) is its pitch (5.4 Å). Two or more   helices can form very stable structures, socalled  helical coiled coils, like myosin in muscles and keratin in hair.

 pleated sheets consist of most commonly two to five polypeptide chains that lie (anti)parallel as  strands. They are stabilized by hydrogen bonds between different strands. Compact or globular shapes, which we find in many proteins, are brought about by  turns (hairpin bends).

Interactions between Amino Acids within a Protein

Within  pleated sheets, the different polypeptide strands are connected by hydrogen bonds. The same do hydrogen bonds within an  helix. Also side chains of amino acids can participate in hydrogen bonding. In collagen, the most abundant protein of mammals, stability within a strand is gained in the absence of hydrogen bonds by steric repulsion of its residues. The three strands, however, which build the superhelical cable of collagen, are hydrogen bonded to each other. The interactions of the superhelical cable´s inside are determined by the limited space provided: the only residue that can fit in an interior position is glycine.

Types of Protein Structure

The folding of a protein is determined by the electrostatic properties of its residues. In myoglobin, for example, the hydrophobic, nonpolar residues huddle together spontaneously in the interior of the molecule, the outside consists of both polar and nonpolar residues. Thus, the unpaired NH and CO groups in the exterior part prefer the bonding to their polar environment (water), in the interior part they are hydrogen bonded. Other proteins like integral membrane proteins are required to have a hydrophobic exterior. That way the proteins structure has to be conform with its function. Finally, the three dimensional structure of a protein is specified by the amino acid sequence itself.

Another factor influencing protein structure is the aim of maximizing Van-der-Waals bonds. This can happen by filling the interior of a protein neatly with a set of appropriate amino acids.

We distinguish four basic levels of stucture in protein architecture: primary structure is the amino acid sequence. Secondary and tertiary structure refer to the spatial arrangement of amino acid residues, close and far apart from each other. Quaterny structure refers to the spatial arrangements of subunits. 

Protein Interactions in Encymatic Reactions

Proteins acting as enzymes have the ability to bind, recognize and interact with specific molecules  by forming complementary surfaces and clefts. An example of the necessity of this mechanism are the binding of foreign molecules to antibody proteins or the catalysis of  reactions by binding substrate molecules in precise orientations and stabilizing transition  states. A special property of enzymes is their regulation by competitive molecules: the binding of a substrate is inhibited by a competitor binding to the allosteric site of the enzyme, thus altering the three dimensional structure of its binding site. In the nervous system, channel proteins react on transmitter substances with conformational changes, acting as logic gates.

Chapter 11: Membrane Structure and Dynamics

Functions of Biological Membranes

Membranes are separators between cells, their organells respectively, and the environment surrounding them. They allow or prohibit passive (diffusional) transport of substances by selective permeability and support active transport by channels and carriers, thus regulating the molecular and ionic composition of the intracellular medium. A second function is the regulation of the energy flux by transporting electrons, for example in the processes of photosynthesis and oxidative phophorylation. Third, membranes bear enzymes and other molecules that are in charge of information fluxes, e.g. receiving stimuli (electric impulses and hormones) and generating signals. 

Structure and Properties of Biological Membranes

Membranes are bimolecular sheets with a hydrophilic and a hydrophobic moiety, consisting mainly of lipids and proteins, to which carbohydrates are linked. The hydrophilic unit of a single sheet is built by polar head groups, carbon tails serve as hydrophobic unit. The two sheets are noncovalent assemblies, always differing from each other and making the bilayer asymmetric in components and encymatic activities, e.g. with channels or glycolipids. Often, this fact results in a difference of charge on the two sides due to phosphorylated carbohydrates, thus making the membrane polarized. The proteins serve as carriers, channels, receptors, energy transducers, and enzymes. Concludingly, membranes can be regarded as two dimensional solutions of oriented proteins and lipids, termed the fluid mosaic model.

An alternative of  quaterny structure is that of a micelle. However, the structure of the bilayer is more favoured due to the limited space for the carbon tails in micelles. The self-assembly process of lipid bilayers (rapid and spontanous in water) is of critical biological importance as to the evolution of life. As a result of van-der-Waals attractive forces between hydrocarbon tails, and both electrostatic and hydrogen-bonding attractions between the polar head groups and water molecules,  lipid bilayers have an inherent tendency to be extensive, close together, and be self-sealing. Finally, bilayers can form lipid vesicles (liposomes) that enclose aqueous compartments, ions, and even molecules.

Membrane Lipids and their Architecture

The three major classes of membrane lipids are phospholipids, glycolipids, and cholesterol. Phospholipids derive from either glycerol or sphingosine. In the case of glycerol (the phospholipid is then called phosphoglycerid), there are bound two fatty acid chains to the carbon atoms C1 and C2 by esterification. They usually contain an even number of carbon atoms between 14 and 24, which - in addition to their degree of unsaturation - influences the lipids properties. In the case of phosphatidate (diacylglycerol 3-phosphate) the C3 carbon atom is bound to a phosphat. Major phosphoglycerides are derivates of this molecule. In glycolipids, one or more sugars are attached to the primary hydroxil group of the sphingosine backbone.  Cholesterol is a key regulator of membrane fluidity: it prevents fatty acid chains to form rigid agglomerations by fitting between them, on the other hand blocks their lateral diffusion.

Carrier and Channel molecules

As lipid bilayer membranes have a very low permeability for ions and most polar molecules (with the exception of water), the transport of those has to be accomplished by other mechanisms. The two different ways realized in cells are that of carriers, binding an ion and shuttling it across the membrane (see p. 273), and channels, which are continuous aqueous pores traversing the membrane.

Carriers accept a polarized molecule or ion in their hydrophilic interior and make it soluble  in lipid by their hydrocarbon exterior. For example, valinomycin is forming a complex together with K+, displacing its hydration shell step by step and cooridinating it to six oxygen atoms in this carriers center.

An example for channels is gramicidin A. It opens and closes spontaneously, creating varying conductivities. Within the time the channel is open (ca. one second),  107 cations can traverse the membrane (carriers transport less than 103 ions per second). The mechanism of opening and closing is realized by the building and dissociation of gramicidin A-dimers.

Membrane Proteins

Membrane proteins, in the environment of membrane lipids, are responsible for most of the dynamic processes carried out by membranes. The content of membranes within membranes varies between 18% (insulating membranes around nerve fibres) and 75% (energy transducing membranes of mitochondria and chloroplasts). Protein content and repertoire depend on the kind of membrane and its functions.

There are two principle types of membrane proteins: integral membrane proteins, nearly most of which completely span the lipid bilayer, and peripheral membrane proteins, that are bound to membranes or the surfaces of integral proteins by electrostatic and hydrogen bonds. These proteins, like membrane lipids, can diffuse laterally through the two dimensional solution, however, not all proteins as well as lipids. Transverse diffusion (flip-flop) is not realized, thus preserving membrane asymmetry for long periods. Carbohydrates additionally orient glycoproteins in membranes and help to maintain the asymmetric character. 

An example of a glycoprotein´s function is given with glycophorin, which is a transmembrane protein in erythrocytes. The carbohydrate units, bound to the glycophorin´s moiety located at the exterior part of the red cells, give them a very hydrophilic, anionic coat, which enables them to circulate without adhering to other cells and vessel walls. In general, -helices, like that of glycophorin, are more stable in nonpolar media than in water which competes for hydrogen bonding with main-chain NH and CO groups. One approach to identifying transmembrane helices is to ask whether a postulated helical segment prefers to be in a hydrocarbon milieu or in water. The affinity of a 20-residue window of an  -helix to traverse the hydrocarbon core of membranes is indicated (but not proved) by its hydropathy index (see p. 284).

Another membrane proteine crucially influencing the properties of erythrocytes is spectrin, the major constituent of the membrane skeleton. This tetramer plays a key role in altering and stabilizing the shape of red cells, like other membrane skeletons do within many kinds of cells.

Chapter 17: Basic Concepts and Design of Metabolism

What is Metabolism?

Metabolism is an integrated network of chemical reactions in cells, extracting energy and reduction power from their environment, and synthesizing building blocks for the cells´macromolecules. These processes are driven by a limited set of reaction mechanisms, revealing their ancient origins.

Energetic Coupling of Various Biochemical Reactions

A thermodynamically unfavorable (uphill ) reaction within metabolism is brought about in three principle ways: 1) a thermodynamically favorable (downhill) reaction is coupled to it by a shared chemical intermediate; 2) it is driven by an activated protein conformation, such as ATP, like it is realized in the active transport of Na+ and K+ across membranes; coupling the ATP hydrolysis to an unfavorable reaction can change its equilibrium ratio by a factor of 1088. 3) ionic gradients produced by the oxidation of fuel molecules or by photosynthesis power the reaction, e.g. the synthesis of most ATP in cells.

ATP and Its High Phosphoryl Transfer Potential

ATP is a nucleotide consisting of an adenine, a ribose and a triphosphate unit, often activated as a complex with Mg2+ or Mn2+. In both chemotrophs and phototrophes it serves as the universal currency for performing mechanical work, active transport of molecules and ions, and the synthesis of macromolecules. In turn, ATP is formed from ADP and Pi when fuel molecules are oxidized, or light is trapped, respectively.

Under typical cellular conditions, the actual free energy G for the ATP´s hydrolisis is approximately -12 kcal/mol (-7.3 kcal/mol for standard conditions at pH 7). This relatively high potential is a result of the four negative charges of ATP, which repell one another strongly. However, there are molecules with an even higher transfer potential and therefore can drive the systhesis of ATP. E.g., creatin phosphate is the P-source in charge of re-synthesizing ATP when it is highly consumed, e.g. during a 100-meter sprint. The intermediate position of ATP enables it to fuction effeciently as  a carrier of phosphoryl groups.

Electron Carriers in Metabolism

Electrons are not transferred directly from fuel molecules to O2. Instead, this job is done by NADH and FADH2, the major electron carriers in the oxidation of fuel molecules. The result of that electron transport chain located in the inner membrane of mitochondria is a proton gradient, which in turn drives the synthesis of ATP. This is the major source of ATP in aerobic organisms. During the oxidation of a substrate, the nicotinamide ring of NAD+ accepts a hydrogen ion and two electrons (a hydride ion H-). In flavin adenine dinucleotide (NAD) two nitrogen atoms are reduced by H+  and e- . Another electron carrier is NADPH, which is used almost exclusively for powering reductive biosyntheses (whereas NADH is used primarily for the generation of ATP).

Vitamins and Coenzymes 

Vitamins are a heterogenic group of organic molecules that are needed in small amounts in the diets of some higher animals, which have lost the capacity to synthesize them. They reveal a huge diversity of functions: vitamin K is required for normal blood clotting, vitamin A is a precursor of retinal (the light sensitive group in visual pigments), but is also needed for growth, the metabolism of calcium and phosphorus is regulated by a hormone that is derived from vitamin D, ascorbate (vitamin C) serves as a specific antioxidant, stabilizing collagen and thus preventing scurvy.

Many vitamins are components or precursors of coenzymes. An important coenzyme in metabolism, distinguished by its high acetyl group-transfer potential  is coenzym A (CoA), which forms acetyl CoA together with an acetyl unit. 

Three Major Stages in Metabolism

We can distinguish three major stages in metabolism: 1) In the first stage large molecules in food are broken down into smaller units. No useful energy is generated in this phase. 2) In the second stage, these numerous small molecules are degraded to a few simple units that play a central role in metabolism, e.g. the acetyl unit of acetyl CoA. 3) The third stage consists of the citric acid cycle and oxidative phosphorylation. The latter term means the generation of ATP  while electrons are transferred to O2. This third stage is the final common pathway in the oxidation of fuel molecules.

Regulation in Metabolism

Metabolic processes are regulated in three principal ways, namely by controlling 1) the amounts of enzymes, primaly adjusted by changing the rate of transcription genes encoding them, 2) their catalytic activities, which can be realized for example by the mechanism of feedback inhibition, and 3) the accessibility of substrates, which is regulated by varying the fluxes in the biosynthetic and the degradative pathways. Those are almost always located in different compartments of the cell. For example, insulin promotes the entry of glucose into many kinds of cells.

Many reactions in metabolism are controlled by the energy status of the cell, like in the regulation of ATP: high energy charges inhibit ATP-generating pathways, whereas they stimulate ATP-utilizing pathways. Thus, the energy charge is buffered.

Chapter 18: Carbohydrates

Functions of Carbohydrates in Nature

Carbohydrates are aldehyde (aldoses) or ketone (ketoses) compounds with multiple hydroxyl groups. In nature, where the D-carbohydrates play an outstanding role, they fullfill four kinds of tasks: 1) they serve as energy stores, fuels, and metabolic intermediates, 2) they form part of the structural framework of DNA and RNA, 3) polysaccharides are structural elements in the cell walls of bacteria and plants, and in the exoskeletons of arthropods, 4) linked to proteins and lipids they influence the properties of the respective molecule, e. g. its polarity or its capacity of becoming recognized.

Conformation of Pyranose and Furanose

The open chain forms of sugars cyclize into rings by intramolecular hemiacetal-bonding (aldose ( pyranose) or hemiketal-bonding (ketose ( furanose). This process brings about a new possibility of isomers: the hydroxyl group attached to C1 in aldoses (to C2 in ketoses) can be below () or above () the plane of the ring.  and  forms of some carbohydrates can interconvert in water, a reaction called mutarotation (D- and L-forms: see p. 464). 

To gain a thermodynamically favored structure, pyranose rings form chair and boat conformations, which allow axial and equatorial orientations of substituents to the ring carbon atoms. As bulky substituents in equatorial orientation have more space around than in axial orientation,  they will tend towards bonding equatorially. Furanose rings bulid envelope forms.

Di- and Polysaccharides

Di- and Polysaccharides are formed by the making of glycosidic bonds. In general, glycosidic bonds connect the hydroxil group of a carbohydrate to alcohol, amines, or other carbohydrates. For example, the C1 atom of a carbohydrate can be bonded to a C4 atom of an other to form a disaccharid (see p. 470).

The most important disaccharides are sucrose, lactose, and maltose. Sucrose, the sugar we use in our households, consists of a fructose and a glucose, joined by a glycosidic bond. Lactose is the disaccharid of milk, and maltose comes from the hydrolysis of starch. 

Of high importance in metabolism are polysaccharides, for example glycogen, a very large, branched polymer of glucose residues, the store for glucose in animal cells. Plants use starch as nutritional reservoir, which makes half the carbonate ingested by humans. It is built by amylose, the unbranched type of starch, and amylopectin, the branched form. Dextran, a storage polysaccharide in yeasts and bacteria, also consists of  glucose residues only. Finally, cellulose serves a structural role. This unbranched polymer is stabilized by hydrogen bonds. Parallel chains form fibrils. Also crucial for metabolism are phosphorylated sugars, which can transfer their phosphate groups to ADP in order to achieve a net synthesis of ATP.

Polysaccharides present an example for the correlation between form and function: The straight -chain of cellulose is optimal for the construction of fibers having a high tensile strength. -helices, on the other hand, form an accessible store of sugar.

Chapter 19: Glycolysis

The Reaction Chain of Glycolysis

Glycolysis is a sequence of reactions that converts glucose into pyruvate, generating a relatively small amount of ATP. Additionally it provides building blocks for synthetic reactions. It takes place for example in the cytosol of a liver cell and is the prelude to the citric acid cycle and the electron transport chain, which together harvest most of the energy contained in glucose. A set of reaction-types appears within this process, which are phosphoryl transfer, phosphoryl shift, isomerisation, dehydration, and aldol cleavage (see p. 485). 

The first important intermediate gained from glucose in several steps is fructose 1,6-bisphosphate, consuming 2 ATP during this reaction. In a second stage it can easily be trapped in the cell and readily be cleaved into two phosphorylated three-carbon units, glyceraldehyde 3-phosphate (an aldose) and dihydroxyacetone phosphate (a ketose). In the following, the latter is converted into the first. In a third stage, glyceraldehyde 3-phosphate oxidizes to 1,3-bisphosphoglycerate (1,3-BPG). The electron acceptor in this oxidation is NAD+, which must be regenerated for glycolysis to continue (in aerobic organisms by the reduction of oxygen, in anaerobic organisms by the reduction of pyruvate to lactate). 1,3-BPG has a high phosphoryl transfer potential and can therefore support the generation of ATP. Contributing two phosphoryl groups to the building process of two ATP, 1,3-BPG is converted into pyruvate. Concluding, the net gain of energy in glycolysis are two molecules of ATP.

The Control of Glycolysis

Phosphofructokinase (PFK) is the key enzyme in the control of glycolysis, because it catalyses an essentially irreversible reaction. Its activity can be regulated by allosteric effectors or covalent modification, its amounts are varied by transcriptional contol. 

In detail, PFK is inhibited by high levels of ATP, which lower its affinity for fructose 6-phosphate. This allosteric effect is reversed by AMP. On the other hand, the inhibitory effect of ATP is enhanced by an abundancy of citrat, which indicates, that biosynthetic precursors are abundant and should not be generated anymore by glycolysis. Another inhibitor of PFK are H-ions, preventing excessive formation of lactate. 

One more activator of PFK is fructose 2,6-bisphosphate. Its formation is in turn controlled, depending on the availability of the glycolytic intermediate fructose 6-phosphate. Its abundance leads to a higher concentation of fructose 2,6-bisphosphate. This case is an example of feedforward stimulation.

Hexokinase, the enzyme catalyzing the fist step of glycolysis (and therefore is crucial for the whole reaction), is inhibited, when also phosphofructokinase is inactive. Pyruvate kinase controls the outflow of the glycolytic pathway, being inhibited by an abundance of ATP or building blocks, and also hormones that signalize, that glucose is more urgently needed by brain and muscle and should therefore not be consumed in liver.

Structural and Mechanistic Properties of Glycolytic Enzymes

Many dehydrogenases in glycolysis reveal very similar binding domains for NAD+. In other words, the NAD+-binding region is a fundamental structural motif of NAD+-linked dehydrogenases.

The binding of glucose to a hexokinase induces a large conformational change in the enzyme. The glucose becomes surrounded by the two lobes of hexokinase (induced fit). A resulting advantage is, that glucose is now protected from water as a competing substrate to the phosphoryl group of ATP. Additionally, the nonpolar environment inside the shell favours the phosphorylation. Third, the undesirable ATPase activity of hexokinase is prevented unless glucose activates the enzyme by closing the cleft. This reaction is an example for substrate-induced cleft closing, likely to be a general feature of kinases.

Triosephosphate isomerase (TIM) is a kinetically perfect accelerator of a certain isomerization, i.e. the rate limiting step in catalysis is the diffusion controlled encounter of substrat and enzyme. Second, TIM supresses an undesired side reaction, the decomposition of its substrate, by closing it into its interior until the isomerisation is completed.

Chapter 20: Citric Acid Cycle

The Role of the Citric Acid Cycle within aerobic metabolism

The citric acid cycle is the final common pathway for the oxidation of fuel molecules. In eucaryotes, these reactions occur inside the mitochondria (compare: glycolysis takes place in the cytosol). The pyruvate gained within glycolysis is oxidatively decarboxylated to acetate and then activated by coenzyme A to form acetyl CoA. The citric acid cycle completes the oxidation to CO2, thus being the major source of energy in metabolism. 

The oxidation of one acetyl CoA brings about two molecules of carbon dioxide and 3 hydride ions, which can reduce 3 NAD+ and by that refill the NADH-ressources. 2 more hydrogen atoms with a lesser reduction-potential reduce an FAD. Further more, the cleavage of the energy-rich thioester bond of succinyl CoA, an intermediate in this reaction, makes possible the phosphorylation of one guanosine diphosphate (GDP). GTP, in turn,  serves as phosphoryl donor in protein synthesis or ATP-regeneration. 

The citric acid cylce can operate only under aerobic conditions because NAD+ and FAD can be regenerated in the mitochondrion only by the transfer of electrons to molecular oxygen. Glycolysis, in contrast, can proceed also under anaerobic conditions because NAD+ is regenerated in the conversion of pyruvate into lactate.

Another function of the citric acid cycle is the generation of intermediates for biosyntheses, like succinyl CoA, -ketoglutarate and oxaloacetate. However, the citric cycle intermediates must be replenished if any are drawn off for biosyntheses.

Multienzyme Complexes

A set of enzymes catalyze the process of the citric acid cycle. The oxidative decarboxilation of pyruvate to acetyl CoA is driven by the pyruvate dehydrogenase complex with 5 million kd of mass, 30 nm of diameter, thus forming a multienzyme complex that consists of three different kinds of enzymes, or 60 polypeptide chains. They are abbreviated by E1, E2, E3; their prosthetic groups, serving as catalytic cofactors, are TPP, lipoamide, and FAD, respectively. Together they bring about the transformation in four steps. A quite similar complex is the -ketoglutarate dehydrogenase complex. It is the structural integration of three kinds of enzymes that makes possible the coordinated catalysis of a complex reaction. The proximity of one enzyme to another, together with the feature of the complex to be highly mobile, increases the overall reaction rate and minimizes side reactions. In the pd-complex, for example, eight trimers of E2 come together to form a hollow cube. 

Stereospecific Consideration of the Citric Acid Cycle

Conformational changes of citrate synthase during the catalysed reaction force the substrates to bind in a strict order: only when oxaloacetate has bound and by that has induced a major structural rearrangement, the binding site for acetyl CoA is created (induced fit). The newly formed citriyl CoA brings about additional structural changes in the enzyme: citrate and CoA can leave the enzyme and the enzyme returns to the initial conformation. This procedure prevents an undesirable side reaction.

Another aspect of stereospecificity is the ability of an asymmetric enzyme to distinguish between two identical groups of a symmetrical compound, and thus to be able to hold a substrate in a specific orientation. A molecule has distinguishable substituents if these groups can not be brought into coincidence by a rotation that leaves the rest of the structure invariant; it is a prochiral molecule (see also p. 521). Additionally, a molecule is optically active if it can not be superimposed on its mirror image; this is a chiral molecule. An example of substituential differentiation is the stereospecificity of hydrogen transfer by NAD+ dehydrogenase. The positions occupied by the two hydrogen atoms at C4 in NADH are not equivalent: C4 is a prochiral center. The enzyme can recognize this for example by attachment at three points.

The Glyoxylat Cycle

Many bacteria and plants are able to grow on acetate or other compounds that yield acetyl CoA. Within the glyoxylate cycle they convert acetyl units with the help of oxaloacetate into succinate (four carbon units) for energy production and biosyntheses. Instead of the double decarboxylation of citrate (like in the citric acid cycle), the additional enzyme isocitrate lyase splits up isocitrate directly into succinate and glyoxylate. The latter is reconverted to oxaloacetate by a second acetyl CoA (see p. 523).

Regulation

In some plants and bacteria citric acid cycle and glyoxilate cycle compete for isocitrate: When energy is needed, it is decarboxylated to -ketoglutarate; when energy is abundant, the phosphorylation of isocitrate dehydrogenase switches it off, funneling the isocitrate into the glyoxylate pathway.

Similar is the regulation of the citric acid cycle in animals: the activity of the pyruvate dehydrogenase complex is controlled by (de)phosphorylation of its component E1. A specific kinase switches off the activity of the complex by phosphorylating it, deactivation is reversed by the action of a specific phosphatase. The phosphorylation, in turn, is promoted by an increased ratio of NADH/NAD+, acetyl CoA/CoA, or ATP/ADP. In general, pyruvate dehydrogenase is switched off when the energy charge is high and biosynthetic intermediates (fat!) are abundant. Hormones like insulin can stimulate the cycle. The three most important control points within the citric acid cycle are citrate synthase, isocitrate dehydrogenase, and -ketoglutarat dehydrogenase.

Chapter 21: Oxidative Phosphorylation

What is Oxidative Phosphorylation?

Oxidative phosphorylation is the process in which ATP is formed as a result of the transfer of electrons from NADH or FADH2 to O2 by a series of electron carriers. NADH and FADH2  are energy-rich molecules whose electrons have a high transfer potential, so when these electrons are exergonically donated to molecular oxygen, a large amount of free energy is liberated, which can be used to drive the endergonic process of generating ATP. In other words, a redox potential (+1.14 V for NADH / oxygen) is transformed into free Gibbs energy (-52.6 kcal per mol). This process is the major source of ATP in aerobic organisms.

We can distinguish three phases: The pumping of electrons leads to the pumping of protons out of the mitochondrial matrix. A proton-motive force (p) is generated consisting of a pH gradient (pH) and a transmembrane electric potential (E). ADP is phosphorylated to ATP when protons flow back to the mitochondrial matrix through an enzyme complex. Thus, oxidation and phosphorylation are coupled by a proton gradient across the inner mitochondrial membrane.

Elements of the Respiratory Chain

Electrons from different donors are catalytically transferred to oxygene through a chain of three large protein complexes: NADH-Q reductase - cytochrome reductase - cytochrome oxidase. The flow of two electrons through these transmembrane complexes generates a proton gradient sufficient to synthesize 1, 0.5, and 1 molecule of ATP respectively. The number of ATP generated depends on the site within the chain where the electrons of a donor enter. Mobile electron carriers, namely ubiquinone (Q) and cytochrome c, shuttle the electrons between the protein complexes.

Function of ATP synthase

The synthesis of ATP is carried out by ATP synthase, a molecular assembly of two units (F0 and F1) in the inner mitochondrial membrane. The activity of this enzyme is driven by the proton-motive force, in turn a result of the electron transport. It produces a high concentration of H+ at the gate between F0 and F1.

The F0-unit is the proton conducting channel which spans the inner mitochondrial membrane. At the F1-unit the synthesis of ATP takes place. The role of the proton flux from F0 to F1 is not to form ATP but to release it from the synthase. Its nucleotide-binding sites interact with each other; the binding of ADP and P to one site promotes the release of ATP from another. Thus, always one of the three binding sites is open (O-form), another is loosely binding ADP and P (L-form), the third is active and is binding the substrates tightly (T-form). 

The Importance of proton gradients in bioenergetics

Proton gradients power a variety of energy-requiring processes: Generation of ATP, active transport of Ca2+ by mitochondria, the entry of some amino acids and sugars into bacteria, rotation of bacterial flagella, transfer of electrons from NADH to NADPH, generation of heat. Obviously, proton gradients are a central interconvertible currency of free energy in biological systems, requiring only a thin closed lipid membrane between two aqueous phases.

Chapter 22: Pentose Phosphate Pathway and Gluconeogenesis

The Physiologic Role of the Pentose Phosphate Pathway

Metabolic energy is gained in two principle ways: The first is the generation of ATP, for which the building-processes have been discussed in the last chapters. A second need is the generation of reducing power, which means the conservation of some fuel molecules' high potential electrons for biosynthetic purposes instead of transferring them to oxygen.

The pentose phosphate pathway also catalyzes the interconversion of three-, four-, five-, six- and seven-carbon sugars in a series of nonoxidative reactions. In plants, a part of the pathway also participates in the formation of hexoses from carbondioxide in photosynthesis.

NADPH and NADH Play Their Part as Electron Donors in a Different Manner

The currency of readily available reducing power in cells is NADPH. It serves as electron donor (hydride ion donor) in reductive biosyntheses. NADPH is generated, when glucose 6-phosphate is oxidized to ribose 5-phosphate. The further oxidation to carbondioxide generates totally 12 NADPH per glucose 6-phosphate. NADH, on the other hand, is oxidized by the respiratory chain to generate ATP.

The Link between Pentose Phosphate Pathway and Glycolysis

Ribose 5-phosphate, a side product of NADPH-generation, is often not needed in the given quantities for incorporation into nucleotides, nucleic and nucleotide coenzymes acids. However, there is made use of the abundant ribose 5-phosphate by transforming three molecules per reaction into intermediates of glycolysis (glyceraldehyde 3-phosphate and fructose 6-phosphate). This enzymatic process is driven by transketolase and transaldolase. The transketolase enhances the shift of a two-carbon unit from a ketose to an aldose, whereas a transaldolase does so with a three-carbon unit.

The oxidative branch of the pentose phosphate pathway (NADPH-production) is controlled by the level of NADP+ and is therefore coupled to the actual need for reducing power in biosyntheses. The nonoxidative branch of the pentose phosphate pathway is controlled primarily by the availability of substrates. On the whole, the interplay of the glycolytic and pentose phosphate pathways enables the levels of NADPH, ATP and building blocks such as ribose 5-phosphate and pyruvate to be continuously adjusted to meet cellular needs.

Gluconeogenesis

Our body´s demand for glucose is primarily satisfied by glucose present in body fluids and glucose readily available from glycogen. This resources last in about a day. In times of starvation or in periods of intense exercise, glucose must be formed from noncarbohydrate sources for survival, maintaining the glucose level in blood.

The gluconeogenic pathway converts pyruvate into glucose – mainly in the liver and the kidneys - making use of the noncarbohydrate precursors lactate, amino acids, and glycerol. Lactate is formed by active skeletal muscle when the rate of glycolysis exceeds the metabolic rate of the citric acid cycle and the respiratory chain, thus shifting part of the metabolic burden from muscle to liver. Amino acids are derived from proteins in the diet or the breakdown  of proteins in skeletal muscle. The hydrolysis of fat yields glycerol and fatty acids. 

Gluconeogenesis is not simply the reverse reaction from glycolysis, for the thermodynamic equilibrium of glycolysis lies far on the side of pyruvate formation. Instead, gluconeogenesis bypasses the virtually irreversible reactions of glycolysis by four new reactions. Gluconeogenesis and glycolysis are reciprocally regulated so that one pathway is relatively inactive while the other is highly active.

Chapter 23: Glycogen Metabolism

What is Glycogen Good for?

Glycogen is a readily mobilized storage form of glucose. The presence of glycogen greatly increases the amount of glucose that is immediately available between meals and during muscular activity. Furthermore, it is embedded into processes that regulate the blood glucose level.

Glycogen consists of several glucose residues, being linked by glycosidic bonds to the chain of an open helical polymere, which is branched at about every tenth residue. Thus, it differs in structure from the nearly straight strands of cellulose fibrills, the storage form of glucose typical for plants. Glycogen is present mainly in the cytosol of liver- and skeletal muscle cells, visible by electron micrograph as little granules with a diameter of 10 to  40 nm. Liver, in turn, senses the concentration of glucose in the blood and takes up or releases glucose accordingly in form of glycogen. In fact, phosphorylase a is the glucose sensor in liver cells. From liver, glucose is exported to other organs.

Phosphorolysis of Glycogen

The cleavage of glycogen is brought about by phosphorylation: an orthophosphate (Pi) splitts off from the chain a glucose residue and phophorylates it to glucose 1-phosphate. The rest of the chain is broken down step by step, catalyzed by phosphorylase. The phosphorolytic cleavage of glycogen is energetically advantageous because the released sugar is phosphorylated - in contrast, a hydrolytic cleavage would yield glucose, which would have to be phosphorylated at the expense of an ATP to enter the glycolytic pathway. Additionally, the state of being ionized prevents the molecule from diffusing out of cell, like glucose would do.

Since the glycosidic bonds of glycogen at the branch points are not susceptible to cleavage by phosphorylase, they first have to be converted to a linear structure by two enzymes, a  transferase and a debranching enzyme.

Synthesis and Breakdown of Glycogen

Glycogen metabolism is profoundly affected by several hormones. Insulin induces the synthesis of glycogen, so when glucose reserves are sufficient, the level of insulin in blood is high. Glucagon and epinephrine, by contrast, trigger the breakdown of glycogen, when muscular activity or its anticipation leads to a lack of glucose in blood. Epinephrine stimulates glycogen breakdown in muscle, glucagon does so for liver.

Insuline stimulates the synthesis of glycogen by triggering a pathway that dephosphorylates and thereby activates glycogen synthase. The „breakdown“-hormones initiate a cascade of reactions, the socalled cyclic AMP cascade, which finally promotes the breakdown of glycogen. This is accomplished first by activating phosphorylase by phosphorylation, second by transferring glycogen synthase into an inactive form, affected by the same intermediate of the cAMP cascade, protein kinase A. This assures, that glycogen is not being synthesized while it is being degraded. Also, an elevated cytosolic Ca2+ level by muscle contraction or calcium-mobilizing hormones promotes glycogen breakdown.

The advantage of such a complex reaction chain like tha cAMP cascade is that the effects of hormones are highly amplified: already the binding of a small number of hormone molecules to cell-surface receptors leads to the release of a very large number of sugar units (p. 595)

Glycogen Storage Diseases

Von Gierke´s disease: With the enzyme glucose 6-phosphatase missing from the liver (inherited deficiency), glucose cannot be formed from glucose 6-phosphate. The phosphorylated sugar does not leave the liver because it cannot traverse the plasma membrane. Therefore liver enlarges massively, and blood glucose level does not rise. A compensatory increase in glycolysis in the liver leads to a high level of lactate and pyruvate in blood. Also there is an increased dependence on fat metabolism.

Cori´s disease: A lack of the debranching enzyme prohibits the complete breakdown of glycogen. It can be exploited just till the branching points, and therefore there is a high amount of abnormal structured glycogen in muscle and liver.

McArdle´s disease: Muscle phosphorylase activity is absent, so capacity to perform strenuous exercise is limited because of painful muscle cramps. However, effective utilization of muscle glycogen is not essential for life.

Chapter 24: Fatty Acid Metabolism

The Physiologic Role of Fatty Acids

Fatty acids have four major physiologic roles: 1. They are building blocks of phospholipids and glycolipids, important components of biological membranes. 2. Many proteins are modified by the covalent attachment of fatty acids, which targets them to membrane locations. 3. Fatty acids are fuel molecules, stored in form of tryacylglycerols (= neutral fats, triglycerides). 4. Fatty acid derivatives serve as hormones and intracellular messengers.

The major site of accumulation of triacylglycerols is the cytoplasm of adipose cells (fat cells), which are specialized for the synthesis and storage of triacylglycerols and for their mobilization into fuel molecules that are transported to other tissues by the blood. Fatty acids are ionized at physiologic pH. Their melting point and their fluidity depend on the chain length and the number of unsaturated bonds.

Why are triacylglycerols highly concentrated stores of metabolic energy? On the one hand they are more highly reduced than carbohydrates and proteins. On the other hand they are (due to their high nonpolarity) less hydrated than the polar carbohydrates and proteins, and thus much more effective per mass.  For example, a gram of nearly anhydrous fat stores more than six times as much energy as a gram of hydrated glycogen, which is the reason that triacylglycerols rather than glycogen were selected in evolution as the major energy reservoir.

Breakdown of Fatty Acids

The initial event in the utilization of fat as an energy source is the hydrolysis of triacylglycerol by lipases. The activity of adipose cell lipase is regulated by hormones in a process described in the following: hormones (like epinephrine, norepinephrine, glucagon and adrenocorticotropic hormone) trigger seven-helix receptors  adenylate cyclase in adipose cells is acitivated  level of cyclic AMP is increased  cAMP stimulates protein kinase A  protein kinase phosphorylates (and activates by that) lipase. Thus, the hormones mentioned above induce lipolysis. In contrast, insulin inhibits lipolysis.

After hydrolyzing triglycerol, the fatty acids have to be broken down for exploiting energy. This is accomplished by sequential degradation in mitochondria by oxidation of the  carbon. This process is called -oxidation.  Before fatty acids can enter the mitochondrial matrix, they have to be activated by CoA. The breaking of the high-energy bonds of ATP and pyrophosphate (PPi) drives the formation of a thioester linkage between the carboxyl group of a fatty acid and the sulfhydryl group of CoA, creating an acyl CoA. The consumption of two high-energy bonds (one between AMP adn PPi , one between Pi and Pi) compared with one gained makes the reaction irreversible. Finally, the activated fatty acids are ready for transport into the mitochindrial matrix for oxidation. This transport is supported by carnitine carriers and a couple of enzymes. The glycerol, remaining from hydrolysis, is converted into glyceraldehyde-3-phosphate, an intermediate of both glycolysis and gluconeogenesis. Hence, glycerol can be converted into pyruvate or glucose.

Within the  -oxidation pathway a saturated acyl CoA is degraded by a recurring sequence of four reactions: oxidation by FAD, hydration, oxidation by NAD+, and thiolysis by CoA. The fatty acyl chain is shortened by two carbon atoms as a result of these reactions, and FADH2, NADH, and acetyl CoA are generated. Also unsaturated fatty acids can be oxidized with the help of two additional enzymes, an isomerase and a reductase.

Let us take a look at the energy gained within an oxidation cycle, i.e. the reduction of the fatty acid´s carbon number by two: For the NADH oxidized in the respiratory chain we generate 2,5 ATP, for the FADH2 we get 1,5 ATP. The oxidation of acetyl CoA by the citric acid cycle yields 10 ATP. Totally, we get 14 ATP per cycle. For the complete oxidation of a fatty acid we still have to consider the cost of 2 ATP for activation, and the 10 ATP gain from the resulting acetyl CoA at the end of the reaction cycle. 

Mammals are unable to convert fatty acids into glucose because they lack a pathway for the net production of oxaloacetate, pyruvate, or other gluconeogenic intermediates from acetyl CoA.

Synthesis of Fatty Acids

The synthesis of fatty acids proceeds on a different pathway than their degradation - a common motif in biological systems (see p. 614). The first step is the carboxylation of acetyl CoA to malonyl CoA, driven by ATP and HCO3-, and catalyzed by acetyl CoA carboxylase. Note, that malonyl CoA is a more energy-rich intermediate than acetyl CoA. Since fatty acids are synthesized in the cytosol (in contrast with degradation, which occurs in the mitochondrial matrix), and CoA is formed from pyruvate in mitochondria, acetyl CoA must be transferred from mitochondria to the cytosol. This task is fulfilled by the carrier citrate.

Now CoA, which was the carrier of intermediates in degradation of fatty acids, is exchanged by a new carrier, an acyl carrier protein (ACP): an acetyl-group and a malonyl-group are transferred each from a CoA to an ACP. Subsequently, the free energy stored in malonyl-ACP drives the condensation of acetyl-ACP and malonyl-ACP , building acetoacetyl-ACP and releasing a ACP and a CO2.

The first elongation cycle will be completed by three further reactions - a reduction, a dehydration, and a second reduction - and acetoacetyl-ACP will be converted in butyryl-ACP. The elongation cycles continue until C16-acyl-ACP is formed. This intermediate is not a substrate for the condensing enzyme. Rather, it is hydrolyzed to yield palmitate and ACP.

Fatty acids synthesis and degradation are reciprocally regulated so that both are not simultaneously active. Acetyl CoA carboxylase, the key control site, is stimulated by insulin and inhibited by glucagon and epinephrine.
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