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Preface


It is rumored that among students embarking on a course of study in the medical sciences, biochemistry is the most common cause of pretraumatic stress disorder: the state of mind into which people fall in anticipation of unbearable stress and frustration. No other part of their preclinical curriculum seems as abstract, shapeless, unintelligible, and littered with irrelevant detail as is biochemistry. This prejudice is understandable. Biochemistry is less intuitive than most other medical sciences. Even worse, it is a vast field with an ever-expanding frontier. From embryonic development to carcinogenesis and drug action, biochemistry is becoming the ultimate level of explanation.


This third edition of Principles of Medical Biochemistry is yet another attempt at imposing structure and meaning on the blooming, buzzing confusion of this runaway science. This text is designed for first-year medical students as well as veterinary, dental, and pharmacy students and students in undergraduate premedical programs. Therefore, its aim goes beyond the communication of basic biochemical facts and concepts. Of equal importance is the link between basic principles and medical applications. To achieve this aim, we enhanced this edition with numerous clinical examples that are embedded in the chapters and illustrate the importance of biochemistry for medicine.


Although biochemistry advances at a faster rate than most other medical sciences, we did not match the increased volume of knowledge by an increased size of the book. The day has only 24 hours, the cerebral cortex has only 30 billion neurons, and students have to learn many other subjects in addition to biochemistry. Rather, we tried to be more selective and more concise. The book still is comprehensive in the sense of covering most aspects of biochemistry that have significant medical applications. However, it is intended for day-to-day use by students. It is not a reference work for students, professors, or physicians. It does not contain “all a physician ever needs to know” about biochemistry. This is impossible to achieve because the rapidly expanding science requires new learning, and unlearning of received wisdom, on a continuous basis.


This book is evidently a compromise between the two conflicting demands of comprehensiveness and brevity. This compromise was possible because medical biochemistry is not a random cross-section of the general biochemistry that is taught in undergraduate courses and PhD programs. Biochemistry for the medical professions is “physiological” chemistry: the chemistry needed to understand the structure and functions of the body and their malfunction in disease. Therefore, we paid little attention to topics of abstract theoretical interest, such as three-dimensional protein structures and enzymatic reaction mechanisms, but we give thorough treatments of medically important topics such as lipoprotein metabolism, mutagenesis and genetic diseases, the molecular basis of cancer, nutritional disorders, and the hormonal regulation of metabolic pathways.






Faculty resources


An image collection and test bank are available for your use when teaching via Evolve. Contact your local sales representative for more information, or go directly to the Evolve website to request access: http://evolve.elsevier.com.
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Part ONE


Principles of Molecular Structure and Function










Chapter 1 Introduction to Biomolecules


Biochemistry is concerned with the molecular workings of the body, and the first question we must ask is about the molecular composition of the normal human body. Table 1.1 lists the approximate composition of the proverbial 75-kg textbook adult. Next to water, proteins and triglycerides are most abundant. Triglyceride (aka fat) is the major storage form of metabolic energy and is found mainly in adipose tissue. Proteins are of more general importance. They are major elements of cell structures and are responsible for enzymatic catalysis and virtually all cellular functions. Carbohydrates, in the form of glucose and the storage polysaccharide glycogen, are substrates for energy metabolism, but they also are covalently linked components of glycoproteins and glycolipids. Soluble inorganic salts are present in all intracellular and extracellular fluids, and insoluble salts, most of them related to calcium phosphate, give strength and rigidity to human bones.


Table 1.1 Approximate Composition of a 75-Kg Adult






	Substance

	Content (%)

	 






	Water

	60

	 






	Inorganic salt, soluble

	0.7

	 






	Inorganic salt, insoluble*


	5.5

	 






	Protein

	16

	 






	Triglyceride (fat)†


	13

	 






	Membrane lipids

	2.5

	 






	Carbohydrates

	1.5

	 






	Nucleic acids

	0.2

	 







* In bones.


† In adipose tissue.


This chapter introduces the principles of molecular structure, the types of noncovalent interactions between biomolecules, and the structural features of the major classes of biomolecules.






Water is the solvent of life


Charles Darwin speculated that life originated in a warm little pond. Perhaps it really was a big warm ocean, but one thing is certain: We are appallingly watery creatures. Almost two thirds of the adult human body is water (see Table 1.1). The structure of water is simplicity itself, with two hydrogen atoms bonded to an oxygen atom at an angle of 105 degrees:





[image: image]




Water is a lopsided molecule, with its binding electron pairs displaced toward the oxygen atom. Thus the oxygen atom has a high electron density, whereas the hydrogen atoms are electron deficient. The oxygen atom has a partial negative charge (δ–), and the hydrogen atoms have partial positive charges (δ+). Therefore the water molecule forms an electrical dipole:
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Unlike charges attract each other. Therefore the hydrogen atoms of a water molecule are attracted by the oxygen atoms of other water molecules, forming hydrogen bonds:





[image: image]




These hydrogen bonds are weak. Only 29 kJ (7 kcal) per mole is needed to break a hydrogen bond in water, whereas 450 kJ (110 kcal) per mole* is required to break a covalent oxygen-hydrogen bond in the water molecule itself. Breaking the hydrogen bonds requires no more than heating the water to 100°C. The hydrogen bonds determine the physical properties of water, including its boiling point.


The water in the human body always contains inorganic cations (positively charged ions), such as sodium and potassium, and anions (negatively charged ions), such as chloride and phosphate. Table 1.2 lists the typical ionic compositions of intracellular (cytoplasmic) and extracellular (interstitial) fluid. Interestingly, the extracellular fluid has an ionic composition similar to seawater. We carry a warm little pond with us, to provide our cells with their ancestral environment.


Table 1.2 Typical Ionic Compositions of Extracellular (Interstitial) and Intracellular (Cytoplasmic) Fluids






	 

	Concentration (mmol/L)






	Ion

	Extracellular Fluid

	Cytoplasm






	Na+


	137

	 10






	K+


	4.7

	 141






	Ca2+


	2.4

	 10–4*







	Mg2+


	1.4

	 31






	Cl–


	113

	4






	HPO42–/H2PO4–


	2

	 11






	HCO3–


	28†


	 10†







	Organic acids, phosphate esters

	1.8

	 100






	pH

	7.4

	 6.5–7.5







* Cytoplasmic concentration. Concentrations in mitochondria and endoplasmic reticulum are much higher.


† The lower HCO3– concentration in the intracellular space is caused by the lower intracellular pH, which affects the equilibrium:
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Predictably, the cations are attracted to the oxygen atom of the water molecule, and the anions are attracted to the hydrogen atoms. The ion-dipole interactions thus formed are the forces that hold the components of soluble salts in solution, as in the case of sodium chloride (table salt):





[image: image]




The calcium phosphates in human bones are not soluble because the electrostatic interactions (“salt bonds”) between the anions and cations in the crystal structure are stronger than their ion-dipole interactions with water.









Water contains hydronium ions and hydroxyl ions


Water molecules dissociate reversibly into hydroxyl ions and hydronium ions:





[image: ]   (1)





In pure water, only about one in 280 million molecules is in the H3O+ or OH– form:





[image: ]   (2)





The brackets indicate molar concentrations (mol/L or M). One mole of a substance is its molecular weight in grams. Water has a molecular weight close to 18; therefore, 18 g of water is 1 mol. The hydronium ion concentration [H3O+] usually is expressed as the proton concentration or the hydrogen ion concentration [H+], regardless of the fact that the proton is actually riding on the free electron pair of a water molecule.


In aqueous solutions, the product of proton (hydronium ion) concentration and hydroxyl ion concentration is a constant:





[image: ]   (3)





The proton concentration [H+], otherwise measured in moles per liter, is more commonly expressed as the pH value, defined as the negative logarithm of the hydrogen ion concentration:





[image: ]   (4)





With Equations (3) and (4), the H+ and OH– concentrations can be predicted at any given pH value (Table 1.3).


Table 1.3 Relationship among pH, [H+], and [OH–]






	pH

	[H+]*


	[OH–]*







	4

	10−4


	10–10







	5

	10−5


	10–9







	6

	10–6


	10–8







	7

	10–7


	10–7







	8

	10–8


	10–6







	9

	10–9


	10–5







	10

	10–10


	10–4








* [H+] and [OH–] are measured in mol/L (M).


The pH value of an aqueous solution depends on the presence of acids and bases. According to the Brønsted definition, in aqueous solutions an acid is a substance that releases a proton, and a base is a substance that binds a proton. The prototypical acidic group is the carboxyl group, which is the distinguishing feature of the organic acids:





[image: image]




The protonation-deprotonation reaction is reversible; therefore, the carboxylate anion fits the definition of a Brønsted base. It is called the conjugate base of the acid.


Amino groups are the major basic groups in biomolecules. In this case, the amine is the base, and the ammonium salt is the conjugate acid:





[image: image]




Carboxyl groups, phosphate esters, and phosphodiesters are the most important acidic groups in biomolecules. They are mainly deprotonated and negatively charged at pH 7. Aliphatic (nonaromatic) amino groups, including the primary, secondary, and tertiary amines, are the most important basic groups. They are mainly protonated and positively charged at pH 7.









Ionizable groups are characterized by their pK values


The equilibrium of a protonation-deprotonation reaction is described by the dissociation constant (KD). For the reaction
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the dissociation constant KD is defined as
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This can be rearranged to





[image: ]   (6)





The molar concentrations in this equation are the concentrations observed at equilibrium. Because the hydrogen ion concentration [H+] is most conveniently expressed as the pH value, Equation (6) can be transformed into the negative logarithm:
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This equation is called the Henderson-Hasselbalch equation, and the pK value is defined as the negative logarithm of the dissociation constant. The pK value is a property of an ionizable group. If a molecule has more than one ionizable group, then it has more than one pK value.


In the Henderson-Hasselbalch equation, pK is a constant, whereas [R—COOH]/[R—COO−] changes with the pH. When the pH value equals the pK value, log[R—COOH]/[R—COO−] must equal zero. Therefore [R—COOH]/[R—COO−] must equal one: The pK value indicates the pH value at which the ionizable group is half-protonated. At pH values below their pK (i.e., high [H+] or high acidity), ionizable groups are mainly protonated. At pH values above their pK (i.e., low [H+] or high alkalinity), ionizable groups are mainly deprotonated (Table 1.4)




Table 1.4 Protonation State of a Carboxyl Group and an Amino Group at Different pH Values


[image: image]







Clinical Example 1.1: Acidosis


Blood and extracellular fluids have to provide a constant environment for our cells. Physiological levels of inorganic ions have to be maintained, and maintenance of a constant extracellular pH of 7.3 to 7.4 is required. Deviations from the normal pH by as little as 0.5 pH units can be fatal. An abnormally high pH of blood and interstitial fluid is called alkalosis, and an abnormally low pH is called acidosis. Many pathological processes can lead to alkalosis or acidosis. Acidosis can be caused by metabolic derangements leading to excessive formation of acidic products from nonacidic substrates. For example,
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Some toxins are converted into acids in the human body, causing acidosis. For example,
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Bonds are formed by reactions between functional groups


Most biomolecules contain only three to six different elements out of the 92 that are listed in the periodic table. Carbon (C), hydrogen (H), and oxygen (O) are always present. Nitrogen (N) is present in many biomolecules, and sulfur (S) and phosphorus (P) are present in some. These elements form a limited number of functional groups, which determine the physical properties and chemical reactivities of the biomolecules (Table 1.5). Many of these functional groups can form bonds through condensation reactions, in which two groups join with the release of water (Table 1.6). This type of reaction can link small molecules into far larger structures (macromolecules). Bond formation is an endergonic (energy-requiring) process. Therefore the synthesis of macromolecules from small molecules requires metabolic energy.


Table 1.5 Functional Groups in Biomolecules


[image: image]






Table 1.6 Important Bonds in Biomolecules


[image: image]




Cleavage of these bonds by the addition of water is called hydrolysis. It is an exergonic (energy-releasing) process that occurs spontaneously, provided it is catalyzed by acids, bases, or enzymes. For example, the digestive enzymes, which catalyze hydrolytic bond cleavages (see Chapter 19), work perfectly well in the lumen of the gastrointestinal tract, where neither adenosine triphosphate (ATP) nor other usable energy sources are available.


Some bonds contain more energy than others. Most ester, ether, acetal, and amide bonds require between 4 and 20 J/mol (1 and 5 kcal/mol) for their formation, and the same amount of energy is released during their hydrolysis. Anhydride bonds and thioester bonds, however, have free energy contents greater than 20 J/mol. They are classified, rather arbitrarily, as energy-rich bonds.









Isomeric forms are common in biomolecules


The biological properties of molecules are determined not by their composition but by their geometry. Isomers are chemically different molecules with identical composition but different geometry. The three different types of isomers are as follows:



1. Positional isomers differ in the positions of functional groups within the molecule. Examples include the following:




[image: image]








2. Geometric isomers differ in the arrangement of substituents at a rigid portion of the molecule. A typical example is cis-trans isomers of carbon-carbon double bonds:




[image: image]





The two forms are not interconvertible because there is no rotation around the double bond. All substituents (H, R1, and R2) are fixed in the same plane. Also, ring systems show geometric isomerism, with substituents protruding over one or the other surface of the ring. Geometric isomers are called diastereomers.







3. Optical isomers differ in the orientation of substituents around an asymmetrical carbon: a carbon with four different substituents. If the molecule has only one asymmetrical carbon, the isomers are mirror images. These mirror-image molecules are called enantiomers. They are related to each other in the same way as the left hand and the right hand; therefore, optical isomerism is also called chirality (from Greek χειρ meaning “hand”).


Unlike positional and geometric isomers, which differ in their melting point, boiling point, solubility, and crystal structure, enantiomers have identical physical and chemical properties. They can be distinguished only by the direction in which they turn the plane of polarized light. They do, however, differ in their biological properties.


If more than one asymmetrical carbon is present in the molecule, isomers at a single asymmetrical carbon are not mirror images (enantiomers) but are geometric isomers (diastereomers) with different physical and chemical properties.


In the Fisher projection, the substituents above and below the asymmetrical carbon face behind the plane of the paper, and those on the left and right face the front. The asymmetrical carbon is in the center of a tetrahedron whose corners are formed by the four substituents. For example,





[image: image]











Properties of biomolecules are determined by their noncovalent interactions


The functions of biomolecules require interactions with other molecules. Molecules communicate with one another, and, being incapable of speech, they have to communicate by touch. The surfaces of interacting molecules must be complementary, and noncovalent interactions must be formed between them. These interactions are weak. They break up and re-form continuously; therefore, noncovalent binding is always reversible. We can distinguish five types of noncovalent interaction:



1. Dipole-dipole interactions usually come in the form of hydrogen bonds. A hydrogen atom is covalently bound to an electronegative atom such as oxygen or nitrogen. This hydrogen attracts another electronegative atom, either in the same or a different molecule. Electronegativity is the tendency of an atom to attract electrons. For the atoms commonly encountered in biomolecules, the rank order of electronegativity is as follows:
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Examples:





[image: image]





2. Electrostatic interactions, or salt bonds, are formed between oppositely charged groups:




[image: image]








3. Ion-dipole interactions are formed between a charged group and a polarized bond, as in the case of a carboxylate anion and a carboxamide:




[image: image]








4. Hydrophobic interactions hold nonpolar molecules, or nonpolar portions of molecules, together. There is no strong attractive force between such groups. However, an interface between a nonpolar structure and water is thermodynamically unfavorable because it limits the ability of water molecules to form hydrogen bonds with their neighbors. The water molecules are forced to reorient themselves in order to maximize their hydrogen bonds with neighboring water molecules, thereby attaining a more ordered and energetically less favorable state. By clustering together, nonpolar groups minimize their area of contact with water.




5. Van der Waals forces appear whenever two molecules approach each other (Fig. 1.1). A weak attractive force, caused by induced dipoles in the molecules, prevails at moderate distances. However, when the molecules come closer together, an electrostatic repulsion between the electron shells of the approaching groups begins to overwhelm the attractive force. There is an optimal contact distance at which the attractive force is canceled by the repulsive force. Because of van der Waals forces, molecules whose surfaces have complementary shapes tend to bind each other.





[image: image]

Figure 1.1 Attractive and repulsive van der Waals forces. At the van der Waals contact distance (arrow), the opposing forces cancel each other.




Noncovalent interactions determine the biological properties of biomolecules:



• Water solubility depends on hydrogen bonds and ion-dipole interactions that the molecules form with water. Charged molecules and those that can form many hydrogen bonds are soluble, and those that have mainly nonpolar bonds, for example, between C and H, are insoluble. If a molecule can exist in charged and uncharged states, the charged form is more soluble.



• Higher-order structures of macromolecules, including proteins (see Chapter 2) and nucleic acids (Chapter 6), are formed by noncovalent interactions between portions of the same molecule. Because noncovalent interactions are weak, many of them are needed to hold a protein or nucleic acid in its proper shape.



• Binding interactions between molecules are the essence of life. Structural proteins bind each other, metabolic substrates bind to enzymes, gene regulators bind to deoxyribonucleic acid (DNA), hormones bind to receptors, and foreign substances bind to antibodies.


After this review of functional groups, bonds, and noncovalent interactions, the structures of the major classes of biomolecules—triglycerides, carbohydrates, proteins, and nucleic acids—can now be discussed. More details about these structures are presented in later chapters.









Triglycerides consist of fatty acids and glycerol


The triacylglycerols, better known as triglycerides in the medical literature, consist of glycerol and fatty acids. Glycerol is a trivalent alcohol:





[image: image]




Fatty acids consist of a long hydrocarbon chain with a carboxyl group at one end. The typical chain length is between 16 and 20 carbons. For example,





[image: image] 




Palmitic acid can also be written as





[image: image]




Fatty acids that have only single bonds between carbons are called saturated fatty acids. Those with at least one double bond between carbons are called unsaturated fatty acids. For example,





[image: image]




Fatty acids have pK values between 4.7 and 5.0; therefore, they are mainly in the deprotonated (—COO−) form at pH 7.


In the triglycerides, all three hydroxyl groups of glycerol are esterified with a fatty acid, as shown in Figure 1.2. The long hydrocarbon chains of the fatty acid residues ensure that triglycerides are insoluble in water. In the body, triglycerides minimize contact with water by forming fat droplets.





[image: image]

Figure 1.2 Structure of a triglyceride (fat) molecule. Although the ester bonds can form some hydrogen bonds with water, the long hydrocarbon chains of the fatty acids make fat insoluble.




Collectively, nonpolar biomolecules are called lipids. The triglycerides (“fat”) are used only as a storage form of metabolic energy, but other lipids serve as structural components of membranes (see Chapter 12) or as signaling molecules (see Chapter 16).









Monosaccharides are polyalcohols with a keto group or an aldehyde group


Monosaccharides are the building blocks of all carbohydrates. They consist of a chain of carbons with a hydroxyl group at each carbon except one. This carbon forms a carbonyl group. Aldoses have an aldehyde group, and ketoses have a keto group. The length of the carbon chain is variable. For example,



• Triose: three carbons



• Tetrose: four carbons



• Pentose: five carbons



• Hexose: six carbons



• Heptose: seven carbons


D-Glyceraldehyde and dihydroxyacetone are the simplest monosaccharides:
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The most important monosaccharide, however, is the aldohexose D-glucose:





[image: image]




The carbons are conveniently numbered, starting with the aldehyde carbon or, for ketoses, the terminal carbon closest to the keto carbon. Carbons 2, 3, 4, and 5 of D-glucose all have four different substituents. These four asymmetrical carbons can form 16 optical isomers. Only one of them is D-glucose. By convention, the “D” in D-glyceraldehyde and D-glucose refers to the orientation of substituents at the asymmetrical carbon farthest removed from the carbonyl carbon (C-2 and C-5, respectively).


Monosaccharides that differ in the orientation of substituents around one of their asymmetrical carbons are called epimers. In Figure 1.3, for example, D-mannose is a C-2 epimer of glucose, and D-galactose is a C-4 epimer of glucose. Epimers are diastereomers, not enantiomers. This means that they have different physical and chemical properties.





[image: image]

Figure 1.3 D-Mannose and D-galactose are epimers of D-glucose.











Monosaccharides form ring structures


Most monosaccharides spontaneously form ring structures in which the aldehyde (or keto) group forms a hemiacetal (or hemiketal) bond with one of the hydroxyl groups. If the ring contains five atoms, it is called a furanose ring; if it contains six atoms, it is called a pyranose ring. The ring structures are written in either the Fisher projection or the Haworth projection, as shown in Figure 1.4.





[image: image]

Figure 1.4 Ring structures of the aldohexose D-glucose and the ketohexose D-fructose. The six-member pyranose ring is favored in D-glucose, and the five-member furanose ring is favored in D-fructose.




In water, only one of 40,000 glucose molecules is in the open-chain form. When the ring structure forms, carbon 1 of glucose becomes asymmetrical. Therefore two isomers, α-D-glucose and β-D-glucose, can form. These two isomers are called anomers. In glucose, carbon 1 (the aldehyde carbon) is the anomeric carbon. In the ketoses, the keto carbon (usually carbon 2) is anomeric.


Unlike epimers, which are stable under ordinary conditions, anomers interconvert spontaneously. This process is called mutarotation. It is caused by the occasional opening and reclosure of the ring, as shown in Figure 1.5. The equilibrium between the α- and β-anomers is reached within several hours in neutral solutions, but mutarotation is greatly accelerated in the presence of acids or bases.





[image: image]

Figure 1.5 Mutarotation of D-glucose. Closure of the ring can occur either in the α- or the β-configuration.











Complex carbohydrates are formed by glycosidic bonds


Monosaccharides combine into larger molecules by forming glycosidic bonds: acetal or ketal bonds involving the anomeric carbon of one of the participating monosaccharides. The anomeric carbon forms the bond in either the α- or the β-configuration. Once the bond is formed, mutarotation is no longer possible, and the bond is locked in its conformation. For example, the structures of maltose and cellobiose in Figure 1.6 differ only in the orientation of their 1,4-glycosidic bond.





[image: image]

Figure 1.6 Structures of some common disaccharides. By convention, the nonreducing end of the disaccharide is written on the left side and the reducing end on the right side.




Structures formed from two monosaccharides are called disaccharides. Products with three, four, five, or six monosaccharides are called trisaccharides, tetrasaccharides, pentasaccharides, and hexasaccharides, respectively. Oligosaccharides (from Greek ΟλιγΟσ meaning “a few”) contain “a few” monosaccharides, and polysaccharides (from Greek πΟλυσ meaning “many”) contain “many” monosaccharides (Fig. 1.7).





[image: image]

Figure 1.7 Structures of some common polysaccharides. A, Amylose is an unbranched polymer of glucose residues in α-1, 4-glycosidic linkage. Together with amylopectin—a branched glucose polymer with a structure resembling glycogen—it forms the starch granules in plants. B, Like amylose, cellulose is an unbranched polymer of glucose residues. As a major cell wall constituent of plants, it is the most abundant biomolecule on earth. The marked difference in the physical and biological properties between the two polysaccharides is caused by the presence in cellulose of β-1,4-glycosidic bonds rather than α-1,4-glycosidic bonds. C, Glycogen is the storage polysaccharide of animals and humans. Like amylose, it contains chains of glucose residues in α-1,4-glycosidic linkage. Unlike amylose, however, the molecule is branched. Some glucose residues in the chain form a third glycosidic bond, using their hydroxyl group at carbon 6.




Carbohydrates can form glycosidic bonds with noncarbohydrates. In glycoproteins, carbohydrate is covalently bound to amino acid side chains. In glycolipids, carbohydrate is covalently bound to a lipid core. If the sugar binds its partner through an oxygen atom, the bond is called O-glycosidic; if the bond is through nitrogen, it is called N-glycosidic.


Monosaccharides, disaccharides, and oligosaccharides, commonly known as “sugars,” are water soluble because of their high hydrogen bonding potential. Many polysaccharides, however, are insoluble because their large size increases the opportunities for intermolecular interactions. Things become insoluble when the molecules interact more strongly with one another than with the surrounding water.


The carbonyl group of the monosaccharides has reducing properties. The reducing properties are lost when the carbonyl carbon forms a glycosidic bond. Of the disaccharides in Figure 1.6, only sucrose is not a reducing sugar because both anomeric carbons participate in the glycosidic bond. The other disaccharides have a reducing end and a nonreducing end.









Polypeptides are formed from amino acids


Polypeptides are constructed from 20 different amino acids. All amino acids have a carboxyl group and an amino group, both bound to the same carbon. This carbon, called the α-carbon, also carries a hydrogen atom and a fourth group, the side chain, which differs in the 20 amino acids. The general structure of the amino acids can be depicted as follows,





[image: image]




where R (residue) is the variable side chain. The α-carbon is asymmetrical, but of the two possible isomers, only the l-amino acids occur in polypeptides.


Dipeptides are formed by a reaction between the carboxyl group of one amino acid and the amino group of another amino acid. The substituted amide bond thus formed is called the peptide bond:





[image: image]




Chains of “a few” amino acids are called oligopeptides, and chains of “many” amino acids are called polypeptides.









Nucleic acids are formed from nucleotides


The nucleic acids consist of three kinds of building blocks:



1. A pentose sugar, which is ribose in ribonucleic acid (RNA) and 2-deoxyribose in 2-deoxyribonucleic acid (DNA):




[image: image]








2. Phosphate, which is bound to hydroxyl groups of the sugar.



3. The bases adenine, guanine, cytosine, uracil (only in RNA), and thymine (only in DNA). Chemically, cytosine, thymine, and uracil are pyrimidines, containing a single six-member ring, whereas adenine and guanine are purines, consisting of two condensed rings:




[image: image]







A nucleoside is obtained when C-1 of ribose or 2-deoxyribose forms an N-glycosidic bond with one of the bases (Fig. 1.8). Nucleotides consist of sugar, base, and up to three phosphate groups bound to C-5 of the sugar. They are named as phosphate derivatives of the nucleosides. Thus adenosine monophosphate (AMP), adenosine diphosphate (ADP), and adenosine triphosphate (ATP) contain one, two, and three phosphates, respectively.





[image: image]

Figure 1.8 Structures of some nucleosides and nucleotides. A prime symbol (′) is used for the numbering of the carbons in the sugar to distinguish it from the numbering of the ring carbons and nitrogens in the bases. A, Examples of ribonucleosides. B, Examples of deoxyribonucleosides. C, Examples of nucleotides.




Nucleic acids are polymers of nucleoside monophosphates. The phosphate group forms a phosphodiester bond between the 5′- and 3′-hydroxyl groups of adjacent ribose or 2-deoxyribose residues (Fig. 1.9). Most nucleic acids are very large. DNA can contain many millions of nucleotides.
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Figure 1.9 Structure of ribonucleic acid (RNA). Deoxyribonucleic acid (DNA) has a similar structure, but it contains 2-deoxyribose instead of ribose. The nucleic acids are polymers of nucleoside monophosphates.











Most biomolecules are polymers


The carbohydrates, polypeptides, and nucleic acids illustrate how nature generates molecules of large size and almost infinite diversity by linking simple-structured building blocks into long chains. The macromolecules formed this way are called polymers (from Greek πΟλυσ meaning “many” and Greek μερΟσ meaning “part”), whereas their building blocks are called monomers (from Greek μΟνΟσ meaning “single”).


Structural diversity is greatest when more than one kind of monomer is used. Polypeptides, for example, are constructed from 20 different amino acids, and DNA and RNA each contains four different bases. Like colored beads in a necklace, these components can be arranged in unique sequences; 20100 different sequences are possible for a protein of 100 amino acids, and 4100 different sequences are possible for a nucleic acid of 100 nucleotides.









Summary


Biomolecules interact with one another and with water through noncovalent interactions. Their water solubility depends on their ability to form hydrogen bonds or ion-dipole interactions with the surrounding water molecules. Hydrophobic interactions, on the other hand, reduce water solubility. These interactions are reversible, and they are far weaker than the covalent bonds that hold the atoms within the molecules together.


There are several classes of biomolecules. Triglycerides consist of glycerol and three fatty acids linked by ester bonds; carbohydrates consist of monosaccharides linked by glycosidic bonds; proteins consist of amino acids linked by peptide bonds; and nucleic acids consist of nucleoside monophosphates linked by phosphodiester bonds. Polysaccharides, polypeptides, and nucleic acids are polymers: long chains of covalently linked building blocks. Forming the bonds in these large molecules requires metabolic energy, whereas cleavage of the bonds releases energy.


Many biomolecules have ionizable groups. Molecules with free carboxyl groups or covalently bound phosphate carry negative charges at neutral pH, and those with aliphatic (nonaromatic) amino groups carry positive charges. These charges make the molecules water soluble, and they permit the formation of salt bonds with inorganic ions and with other biomolecules. The tendency of an ionizable group to accept or donate protons (positively charged hydrogen ions) is described by its pK value. If the pK value is known, then the percentage of an ionizable group that is in the protonated or deprotonated state at any given pH can be predicted.





Questions
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1. The molecule shown here (2,3-bisphosphoglycerate [BPG]) is present in red blood cells, in which it binds noncovalently to hemoglobin. Which functional groups in hemoglobin can make the strongest noncovalent interactions with BPG at a pH value of 7.0?


A. Sulfhydryl groups



B. Alcoholic hydroxyl groups



C. Hydrocarbon groups



D. Amino groups



E. Carboxyl groups
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2. The molecule shown here is acetylsalicylic acid (aspirin). What kind of electrical charge does aspirin carry in the stomach at a pH value of 2 and in the small intestine at a pH value of 7?


A. Negatively charged in the stomach; positively charged in the intestine



B. Negatively charged both in the stomach and the intestine



C. Uncharged in the stomach; negatively charged in the intestine



D. Uncharged both in the stomach and the intestine



E. Uncharged in the stomach; positively charged in the intestine






3. Inorganic phosphate, which is a major anion in the intracellular space, has three acidic functions with pK values of 2.3, 6.9, and 12.3, as shown below. In skeletal muscle fibers, the intracytoplasmic pH is about 7.1 at rest and 6.6 during vigorous anaerobic exercise. What does this mean for inorganic phosphate in muscle tissue?
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A. Phosphate molecules absorb protons when the pH decreases during anaerobic exercise.



B. On average, the phosphate molecules carry more negative charges during anaerobic contraction than at rest.



C. Phosphate molecules release protons when the pH decreases during anaerobic exercise.



D. The most abundant form of the phosphate molecule in the resting muscle fiber carries one negative charge.













* 1 kcal = 4.18 kJ.










Chapter 2 Introduction to Protein Structure


Proteins are the labor force of the cell. Membrane proteins join hands with the fibrous proteins of the cytoplasm and the extracellular matrix to keep cells and tissues in shape, enzyme proteins catalyze metabolic reactions, and DNA-binding proteins regulate gene expression.


Proteins consist of polypeptides: unbranched chains of amino acids with lengths ranging from less than 100 to more than 4000 amino acids. They form complex higher-order structures that are held together by noncovalent interactions, and they can consist of more than one polypeptide. Some proteins can fold into abnormal conformations that cause aggregation. Such abnormal protein aggregates are an important cause of neurodegenerative diseases and other age-related disorders.


This chapter discusses the 20 amino acids that occur in proteins, the noncovalent higher-order structures of proteins, their physical properties, and the diseases related to abnormal protein folding.






Amino acids are zwitterions


All amino acids have an α-carboxyl group, an α-amino group, a hydrogen atom, and a variable side chain R (“residue”) bound to the α-carbon. This structure forms two optical isomers:
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Only the L-amino acids occur in proteins.D-Amino acids are rare in nature, although they occur in some bacterial products.


The pK of the α-carboxyl group is always close to 2.0, and the pK of the α-amino group is near 9 or 10. The protonation state varies with the pH (Fig. 2.1). At a pH below the pK of the carboxyl group, the amino acid is predominantly a cation; above the pK of the amino group, the amino acid is an anion; and between the two pK values, the amino acid is a zwitterion (from German zwitter meaning “hermaphrodite”), that is, a molecule carrying both a positive and a negative charge. The isoelectric point (pI) is defined as the pH value at which the number of positive charges equals the number of negative charges. For a simple amino acid such as alanine, the pI is halfway between the pK values of the two ionizable groups. Note that whereas the pK is the property of an individual ionizable group, the pI is a property of the whole molecule.
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Figure 2.1 Protonation states of the amino acid alanine. The zwitterion is the predominant form in the pH range from 2.3 to 9.9.




The pK values of the ionizable groups are revealed by treating an acidic solution of an amino acid with a strong base or by treating an alkaline solution with a strong acid. Any ionizable group stabilizes the pH at values close to its pK because it releases protons when the pH in its environment rises, and it absorbs protons when the pH falls. The titration curve shown in Figure 2.2 has two flat segments that indicate the pK values of the two ionizable groups. In the body, the ionizable groups of proteins and other biomolecules stabilize the pH of the body fluids.
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Figure 2.2 Titration curve of the amino acid alanine. The two level segments are caused by the buffering capacity of the carboxyl group (at pH 2.3) and the amino group (at pH 9.9).




The titration curves of amino acids that have an additional acidic or basic group in the side chain show three rather than two buffering areas. The pI of the acidic amino acids is halfway between the pK values of the two acidic groups, and the pI of the basic amino acids is halfway between the pK values of the two basic groups (Fig. 2.3).
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Figure 2.3 Prevailing ionization states of the amino acids aspartate (A) and lysine (B) at different pH values. The isoelectric points of aspartate and lysine are 2.95 and 10.0, respectively.











Amino acid side chains form many noncovalent interactions


The 20 amino acids can be placed in a few major groups (Fig. 2.4). Their side chains form noncovalent interactions in the proteins, and some form covalent bonds:



1. Small amino acids: Glycine and alanine occupy little space. Glycine, in particular, is found in places where two polypeptide chains have to come close together.



2. Branched-chain amino acids: Valine, leucine, and isoleucine have hydrophobic side chains.



3. Hydroxyl amino acids: Serine and threonine form hydrogen bonds with their hydroxyl group. They also form covalent bonds with carbohydrates and with phosphate groups.



4. Sulfur amino acids: Cysteine and methionine are quite hydrophobic, although cysteine also has weak acidic properties. The sulfhydryl (—SH) group of cysteine can form a covalent disulfide bond with another cysteine side chain in the protein.



5. Aromatic amino acids: Phenylalanine, tyrosine, and tryptophan are hydrophobic, although the side chains of tyrosine and tryptophan can also form hydrogen bonds. The hydroxyl group of tyrosine can form a covalent bond with a phosphate group.



6. Acidic amino acids: Glutamate and aspartate have a carboxyl group in the side chain that is negatively charged at pH 7. The corresponding carboxamide groups in glutamine and asparagine are not acidic but form strong hydrogen bonds. Asparagine is an attachment point for carbohydrate in glycoproteins.



7. Basic amino acids: Lysine, arginine, and histidine carry a positive charge on the side chain, although the pK of the histidine side chain is quite low.



8. Proline amino acid is a freak among amino acids, with its nitrogen tied into a ring structure as a secondary amino group. Being stiff and angled, it is often found at bends in the polypeptide.
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Figure 2.4 Structures of the amino acids in proteins.




The pK values of the ionizable groups in amino acids and proteins are summarized in Table 2.1. Most negative charges in proteins are contributed by the side chains of glutamate and aspartate, and most positive charges are contributed by the side chains of lysine and arginine.




Table 2.1 pK Values of Some Amino Acid Side Chains*
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Peptide bonds and disulfide bonds form the primary structure of proteins


The amino acids in the polypeptides are held together by peptide bonds. A dipeptide is formed by a reaction between the α-carboxyl and α-amino groups of two amino acids. For example,
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Adding more amino acids produces oligopeptides and finally polypeptides (Fig. 2.5). Each peptide has an amino terminus, conventionally written on the left side, and a carboxyl terminus, written on the right side. The peptide bond is not ionizable, but it can form hydrogen bonds. Therefore peptides and proteins tend to be water soluble.
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Figure 2.5 Structure of polypeptides. Note the polarity of the chain, with a free amino group at one end of the chain and a free carboxyl group at the opposite end.




Many proteins contain disulfide bonds between the side chains of cysteine residues. They are formed in a reductive reaction in which the two hydrogen atoms of the sulfhydryl groups are transferred to an acceptor molecule:
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The disulfide bond can be formed between two cysteines in the same polypeptide (intra-chain) or in different polypeptides (inter-chain). The reaction takes place in the endoplasmic reticulum (ER), where secreted proteins and membrane proteins are processed. Therefore most secreted proteins and membrane proteins have disulfide bonds. Most cytoplasmic proteins, which do not pass through the ER, have no disulfide bonds.


The enzymatic degradation of disulfide-containing proteins yields the amino acid cystine:
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The covalent structure of the protein, as described by its amino acid sequence and the positions of disulfide bonds, is called its primary structure.









Proteins can fold themselves into many different shapes


The peptide bond is conventionally written as a single bond, with four substituents attached to the carbon and nitrogen of the bond:
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A C—N single bond, like a C—C single bond, should show free rotation. The triangular plane formed by the O=C—Cα1 portion should be able to rotate out of the plane of the Cα2—N—H portion. Actually, however, the peptide bond is a resonance hybrid of two structures:
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Its “real” structure is between these two extremes. One consequence is that, like C=C double bonds (see Chapters 12 and 23), the peptide bond does not rotate. Its four substituents are fixed in the same plane. The two α-carbons are in trans configuration, opposite each other.


The other two bonds in the polypeptide backbone, those involving the α-carbon, are “pure” single bonds with the expected rotational freedom. Rotation around the nitrogen—α-carbon bond is measured as the Φ (phi) angle, and rotation around the peptide bond carbon—α-carbon bond as the ψ (psi) angle (Fig. 2.6). This rotational freedom turns the polypeptide into a contortionist that can bend and twist itself into many shapes.
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Figure 2.6 Geometry of the peptide bond. The Φ and ψ angles are variable.




Globular proteins have compact shapes. Most are water soluble, but some are embedded in cellular membranes or form supramolecular aggregates, such as the ribosomes. Hemoglobin and myoglobin (see Chapter 3), enzymes (see Chapter 4), membrane proteins (see Chapter 12), and plasma proteins (see Chapter 15) are globular proteins. Fibrous proteins are long and threadlike, and most serve structural functions. The keratins of hair, skin, and fingernails are fibrous proteins (see Chapter 13), as are the collagen and elastin of the extracellular matrix (see Chapter 14).









α-Helix and β-pleated sheet are the most common secondary structures in proteins


A secondary structure is a regular, repetitive structure that emerges when all the Φ angles in the polypeptide are the same and all the ψ angles are the same. Only a few secondary structures are energetically possible.


In the α-helix (Fig. 2.7), the polypeptide backbone forms a right-handed corkscrew. “Right-handed” refers to the direction of the turn: When the thumb of the right hand pushes along the helix axis, the flexed fingers describe the twist of the polypeptide. The threads of screws and bolts are right-handed, too. The α-helix is very compact. Each full turn has 3.6 amino acid residues, and each amino acid is advanced 1.5 angstrom units (Å) along the helix axis (1 Å = 10–1 nm = 10–4 μm = 10–7 mm). Therefore a complete turn advances by 3.6 × 1.5 = 5.4 Å, or 0.54 nm.
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Figure 2.7 Structure of the α-helix.




The α-helix is maintained by hydrogen bonds between the peptide bonds. Each peptide bond C—O is hydrogen bonded to the peptide bond N—H four amino acid residues ahead of it. Each C—O and each N—H in the main chain are hydrogen bonded. The N, H, and O form a nearly straight line, which is the energetically favored alignment for hydrogen bonds.


The amino acid side chains face outward, away from the helix axis. The side chains can stabilize or destabilize the helix, but they are not essential for helix formation. Proline is too rigid to fit into the α-helix, and glycine is too flexible. Glycine can assume too many alternative conformations that are energetically more favorable than the α-helix.


The β-pleated sheet (Fig. 2.8) is far more extended than the α helix, with each amino acid advancing by 3.5 Å. In this stretched-out structure, hydrogen bonds are formed between the peptide bond C—O and N—H groups of polypeptides that lie side by side. The interacting chains can be aligned either parallel or antiparallel, and they can belong either to different polypeptides or to different sections of the same polypeptide. Blanketlike structures are formed when more than two polypeptides participate. The α-helix and β-pleated sheet occur in both fibrous and globular proteins.
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Figure 2.8 Structure of the parallel and antiparallel β-pleated sheets. A, The parallel β-pleated sheet. B, The antiparallel β-pleated sheet. Arrows indicate the direction of the polypeptide chain.











Globular proteins have a hydrophobic core


Many fibrous proteins contain long threads of α-helix or β-pleated sheets, but globular proteins fold themselves into a compact tertiary structure. Sections of secondary structure are short, usually less than 30 amino acids in length, and they alternate with irregularly folded sequences (Fig. 2.9). Unlike the α-helix and β-pleated sheet, tertiary structures are formed mainly by hydrophobic interactions between amino acid side chains. These amino acid side chains form a hydrophobic core.
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Figure 2.9 Structures of globular protein domains containing both α-helical (corkscrew) and β-pleated sheet (arrow) structures. These short sections of secondary structure are separated by nonhelical portions.




Quaternary structures are defined by the interactions between different polypeptides (subunits). Therefore only proteins with two or more polypeptides have a quaternary structure. In some of these proteins, the subunits are held together only by noncovalent interactions, but others are stabilized by inter-chain disulfide bonds.


Glycoproteins contain covalently bound carbohydrate, and phosphoproteins contain covalently bound phosphate. Other nonpolypeptide components can be bound to the protein, either covalently or noncovalently. They are called prosthetic groups (Fig. 2.10). Many enzymes, for example, contain prosthetic groups that participate as coenzymes in enzymatic catalysis.
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Figure 2.10 Examples of posttranslational modifications in proteins. A, A phosphoserine residue. Aside from serine, threonine and tyrosine can form phosphate bonds in proteins. B, An N-acetylgalactosamine residue bound to a serine side chain. Serine and threonine form O-glycosidic bonds in glycoproteins. C, An N-acetylglucosamine residue bound to an asparagine side chain by an N-glycosidic bond. D, Some enzymes contain a covalently bound prosthetic group. As a coenzyme (see Chapter 5), the prosthetic group participates in the enzymatic reaction. This example shows biotin, which is bound covalently to a lysine side chain.











Proteins lose their biological activities when their higher-order structure is destroyed


Peptide bonds can be cleaved by heating with strong acids and bases. Proteolytic enzymes (proteases) achieve the same effect but in a gentle way, as occurs during protein digestion in the stomach and intestine. Disulfide bonds are cleaved by reducing or oxidizing agents:
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However, the noncovalent interactions are so weak that the higher-order structure of proteins can be destroyed by heating. Within a few minutes of being heated above a certain temperature (often between 50°C and 80°C), the higher-order structure collapses into a messy tanglework known as a random coil. This process is called heat denaturation.


Denaturation destroys the protein’s biological properties. Stated another way, the biological properties of proteins require intact higher-order structures. Also the physical properties of the protein change dramatically with denaturation. For example, water solubility is lost because the denatured polypeptide chains become irrevocably entangled. Generally, protein denaturation is irreversible. A boiled egg does not become unboiled when it is kept in the cold. Only a few simple-structured proteins can be renatured under carefully controlled laboratory conditions.


Not only heat but anything that disrupts noncovalent interactions can denature proteins. Many detergents and organic solvents denature proteins by disrupting hydrophobic interactions. Being nonpolar, they insert themselves between the side chains of hydrophobic amino acids. Strong acids and bases denature proteins by changing their charge pattern. In a strong acid, the protein loses its negative charges; in a strong base, it loses its positive charges. This deprives the protein of intramolecular salt bonds. Also, high concentrations of small hydrophilic molecules with high hydrogen bonding potential, such as urea, can denature proteins. They do so by disrupting the hydrogen bonds between water molecules. This limits the extent to which water molecules are forced into a thermodynamically unfavorable “ordered” position at an aqueous-nonpolar interface, weakening the hydrophobic interactions within the protein.


Heavy metal ions (e.g., lead, cadmium, and mercury) can denature proteins by binding to carboxylate groups and, in particular, sulfhydryl groups in proteins. This affinity for functional groups in proteins is one reason for the toxicity of heavy metals.


The fragility of life is appalling. A 6°C rise of the body temperature can be fatal, and the blood pH must never fall below 7.0 or rise above 7.7 for any length of time. These subtle changes in the physical environment do not cleave covalent bonds, but they disrupt noncovalent interactions. It is because of the vulnerability of noncovalent higher-order structures that living beings had to evolve homeostatic mechanisms for the maintenance of their internal environment.









The solubility of proteins depends on pH and salt concentration


Unlike fibrous proteins, most globular proteins are water soluble. Their solubility is affected by the salt concentration. Raising the salt concentration from 0% to 1% or more increases their solubility because the salt ions neutralize the electrical charges on the protein, thereby reducing electrostatic attraction between neighboring protein molecules (Fig. 2.11, A and B). Very high salt concentrations, however, precipitate proteins because most of the water molecules become tied up in the hydration shells of the salt ions. Effectively, the salt competes with the protein for the available solvent.
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Figure 2.11 Effects of salt and pH on protein solubility. A, Protein in distilled water. Salt bonds between protein molecules cause the molecules to aggregate. The protein becomes insoluble. B, Protein in 5% sodium chloride (NaCl). Salt ions bind to the surface charges of the protein molecules, thereby preventing intermolecular salt bonds. C, The effect of pH on protein solubility. The formation of intermolecular salt bonds is favored at the isoelectric point. At pH values greater or less than the pI, the electrostatic interactions between the molecules are mainly repulsive.




The addition of a water-miscible organic solvent (e.g., ethanol) can precipitate proteins because the organic solvent competes for the available water. Unlike denaturation, precipitation is reversible and does not permanently destroy the protein’s biological properties.


The pH value is also important. When the pH is at the protein’s pI, the protein carries equal numbers of positive and negative charges. This maximizes the opportunities for the formation of intermolecular salt bonds, which glue the protein molecules together into insoluble aggregates or crystals (Fig. 2.11, A and C). Therefore the solubility of proteins is minimal at their isoelectric point.









Proteins absorb ultraviolet radiation


Proteins do not absorb visible light. Therefore they are uncolored unless they contain a colored prosthetic group, such as the heme group in hemoglobin or retinal in the visual pigment rhodopsin. They do, however, absorb ultraviolet radiation with two absorption maxima. One absorbance peak, at 190 nm, is caused by the peptide bonds. A second peak, at 280 nm, is caused by aromatic amino acid side chains. The peak at 280 nm is more useful in laboratory practice because it is relatively specific for proteins. Nucleic acids, however, have an absorbance peak at 260 nm that overlaps the 280-nm peak of proteins (Fig. 2.12).





[image: image]

Figure 2.12 Typical ultraviolet absorbance spectra of proteins and nucleic acids. The protein absorbance peak at 280 nm is caused by the aromatic side chains of tyrosine and tryptophan. Nucleic acids absorb at 260 nm because of the aromatic character of their purine and pyrimidine bases.











Proteins can be separated by their charge or their molecular weight


Dialysis is used in the laboratory to separate proteins from salts and other small contaminants. The protein is enclosed in a little bag of porous cellophane (Fig. 2.13). The pores allow salts and small molecules to diffuse out, but the large proteins are retained.
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Figure 2.13 Use of dialysis for protein purification. Only small molecules and inorganic ions can pass through the porous membrane.




Electrophoresis separates proteins according to their charge-mass ratio, based on their movement in an electrical field. At pH values above the protein’s pI, the protein carries mainly negative charges and moves to the anode; at pH values below the protein’s pI, it carries mainly positive charges and moves to the cathode. At the pI, the net charge is zero, and the protein stays put.


Electrophoresis on cellulose acetate foil, starch gel, and other carrier materials is the standard method for separation of plasma proteins and detection of abnormal proteins in the clinical laboratory (Fig. 2.14, A). When a structurally abnormal protein differs from its normal counterpart by a single amino acid substitution, the electrophoretic mobility is changed only if the charge pattern is changed. For example, when a glutamate residue is replaced by aspartate, the electrophoretic mobility remains the same because these two amino acids carry the same charge. However, when glutamate is replaced by an
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Figure 2.14 Protein separation by electrophoresis. A, On a wet cellulose acetate foil, the proteins are separated according to their net change. If an alkaline pH is used, as in this case, the proteins are negatively charged and move to the anode. B, Electrophoresis in a cross-linked polyacrylamide gel. Although small molecules can move in the field, larger ones “get stuck” in the gel. Under suitable pH conditions, this method separates on the basis of molecular weight rather than charge.







Clinical example 2.1: Hemodialysis


Between 40% and 50% of the blood volume is occupied by blood cells. The remaining fluid, called plasma, is a solution containing about 0.9% inorganic ions, 7% protein, and low concentrations of nutrients including 0.1% glucose. Water-soluble waste products such as urea (containing nitrogen from amino acid breakdown) and uric acid (from purine nucleotides) also are present, but their concentrations are low because they are removed continuously by the kidneys. In patients with kidney failure, these waste products accumulate to dangerous levels. The standard treatment is hemodialysis. In this procedure, the patient’s blood is passed along semipermeable membranes. The pores in these membranes are small enough to allow the passage of low-molecular-weight waste products (but also salts and nutrients), but plasma proteins and blood cells are retained. The blood is dialyzed not against distilled water (which would lead to a malpractice suit) but against a solution with physiological concentrations of nutrients and inorganic ions.





uncharged amino acid such as valine, one negative charge is removed, and the two proteins can be separated by electrophoresis.


Electrophoresis can be performed in a cross-linked polyacrylamide or agarose gel that impairs the movement of large molecules. At a pH at which all proteins move to the same pole, the molecules are separated mainly by their molecular weight rather than their charge–mass ratio (Fig. 2.14, B).









Abnormal protein aggregates can cause disease


Ordinarily, proteins that have lost their native conformation are destroyed by proteases, either within or outside the cells. In some cases, however, misfolded proteins arrange into fibrils that are difficult to degrade. A typical pattern is seen in this process. A globular protein that has a rather flexible higher-order structure in its normal state spontaneously refolds into a state with a high content of β-pleated sheet. In some cases, stretches of α-helix rearrange into stretches of β-pleated sheet. Unlike the α-helix, which is strictly intramolecular, the β-pleated sheet can form extended structures that involve two or more polypeptides. Therefore these refolded proteins are prone to aggregate into fibrillar structures with short stretches of β-pleated sheet that run perpendicular to the axis of the fibril (Fig. 2.15). Because its histological staining properties resemble those of starch, this fibrillar material is called amyloid.





[image: image]

Figure 2.15 Formation of amyloid from a globular protein. In many cases, the α-helical structure (barrels) is lost and is replaced by the β-pleated sheet structure (arrows).




Although amyloid is not very toxic and causes no immune response, it can damage the organs in which it deposits. About 20 different diseases are caused by amyloid deposits. In classic cases the amyloid is formed from a secreted protein and accumulates in the extracellular space.


Amyloid can be formed from a number of proteins (Table 2.2). One of them is transthyretin, a plasma protein whose function is the transport of thyroid hormones and retinol in the blood (see Chapter 15). Transthyretin-derived amyloid in heart, blood vessels, and kidneys is a frequent incidental autopsy finding in people who die after age 80. In severe cases, however, the amyloid causes organ damage. Heart failure and arrhythmias resulting from cardiac amyloidosis are a frequent cause of sudden death in centenarians.




Table 2.2 Some Forms of Amyloidosis
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Some structurally normal proteins cause amyloidosis when they are overproduced. The most common situation is the chronic overproduction of immunoglobulin light chains by an abnormal plasma cell clone. This is seen in many otherwise healthy old people (see Chapter 15). The amyloid can deposit in any organ system except the brain, with widely varying clinical consequences. A similar situation is observed for serum amyloid A (SAA) protein, which is normally associated with plasma lipoproteins. SAA is overproduced in inflammatory conditions, sometimes by as much as 100-fold. In chronic inflammatory diseases, SAA can form amyloid in the spleen and elsewhere. It also facilitates amyloid formation by other proteins because it binds tightly to the amyloid fibrils and thereby accelerates their formation or impairs their breakdown.


In advanced stages of type 2 diabetes mellitus, a small (37 amino acids) polypeptide known as amylin or islet amyloid polypeptide (IAPP) forms amyloid in the islets of Langerhans. Amylin is a hormone that is released by the pancreatic β-cells together with insulin. Possibly as a result of chronic oversecretion in the early stages of type 2 diabetes, amylin eventually deposits as amyloid in the islets of Langerhans. It is thought to contribute to the “burnout” of β-cells in the late stages of the disease.


Amyloidosis can be caused by a structurally abnormal protein. For example, normal transthyretin forms amyloid only late in life. However, some people are born with a point mutation that leads to a structurally abnormal transthyretin having a single amino acid substitution. More than 80 such mutations have been described, and most of them are amyloidogenic. Carriers of such mutations develop amyloidosis that leads to death in the second to sixth decade of life.


Hemodialysis is yet another setting in which amyloidosis can develop. In this case the culprit is β2-microglobulin, a small cell surface protein that is involved in immune responses. To some extent, β2-microglobulin detaches from the cells and appears in the blood plasma. Being small and water soluble, it is cleared mainly by the kidneys.





Clinical example 2.2: Alzheimer Disease


Alzheimer disease is the leading cause of senile dementia, affecting about 25% of people older than 75 years. Autopsy findings include senile plaques consisting of β-amyloid (Aβ) in the extracellular spaces and degenerating axons known as neurofibrillary tangles that are filled with aggregates of excessively phosphorylated tau protein.


Aβ is formed by the proteolytic cleavage of β-amyloid precursor protein (APP), a membrane protein that traverses the lipid bilayer of the plasma membrane by means of an α-helix. After an initial cleavage that is catalyzed by the protease β-secretase, another protease called γ-secretase cleaves the remaining polypeptide within the lipid bilayer of the plasma membrane, creating an intracellular fragment and the extracellular Aβ (Fig. 2.16). γ-Secretase cleavage is imprecise, and extracellular polypeptides of 40 and 42 amino acids can be formed. Less than 10% of the product is Aβ-42, but this form is far more amyloidogenic than Aβ-40. It folds into a form that contains a parallel β-pleated sheet with two stretches of 10 to 12 amino acids each. This structure polymerizes into amyloid fibrils, forming the senile plaques.
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Figure 2.16 Degradation of β-amyloid precursor protein (APP). A, Cleavage by α-secretase followed by γ-secretase produces only innocuous products. B, Cleavage by β-secretase followed by γ-secretase produces β-amyloid. In Alzheimer disease, β-amyloid polymerizes into aggregates and eventually forms insoluble fibrils. AICD, β-Amyloid precursor protein intracellular domain.




Small aggregates of Aβ can interfere with membranes and therefore are toxic for the neurons. Through unknown mechanisms, Aβ appears to cause the abnormal phosphorylation and aggregation of tau protein in the axons.


Neurofibrillary tangles rather than senile plaques are most closely related to the severity of the disease, but Aβ seems to initiate the disease process. APP is encoded by a gene on chromosome 21, which is present in three instead of the normal two copies in patients with Down syndrome. Many patients with Down syndrome develop Alzheimer disease before the age of 50 years, probably because of overproduction of APP. Early-onset Alzheimer disease can be inherited as an autosomal dominant trait, caused by point mutations either in APP or in subunits of the γ-secretase complex. In many cases these mutations lead to overproduction of Aβ-42. The development of drugs that inhibit β-secretase or shift the cleavage specificity of γ-secretase away from the formation of Aβ-42 has not yet been successful, and Alzheimer disease still is incurable.





 However, its removal by hemodialysis is inefficient, and its level can rise 50-fold in patients undergoing long-term hemodialysis. Under these conditions, β2-microglobulin deposits as amyloid in bones and joints, causing painful arthritis.









Neurodegenerative diseases are caused by protein aggregates


Most forms of amyloidosis spare the central nervous system because the offending proteins are rejected by the blood-brain barrier. However, aggregates of misfolded proteins can form in the brain itself, eventually killing the neurons. Because the brain has little extracellular space, most of these protein deposits are intracellular, and they do not always have the classic amyloid structure.


One example is tau protein, which stabilizes the microtubules in the axons of neurons. Its affinity for microtubules is regulated by reversible phosphorylation and dephosphorylation of serine and threonine side chains. In several neurodegenerative diseases, including Alzheimer disease and frontotemporal dementia, excessively phosphorylated (“hyperphosphorylated”) tau protein forms filamentous aggregates in the axons, causing their eventual demise. Some people are born with a structurally abnormal tau protein that is more prone to abnormal phosphorylation, detaches more easily from the microtubules, or is more prone to aggregation after it has been phosphorylated and has detached from the microtubules. Most of these patients develop an inherited form of frontotemporal dementia with parkinsonism.


Another problem protein is α-synuclein, a small (140 amino acids), unstably folded, membrane-associated intracellular protein that can aggregate into cytoplasmic granules called Lewy bodies. Most patients with Parkinson disease have Lewy bodies in their ailing dopamine neurons. Parkinson disease is a motor disorder manifested as tremor, rigor, and akinesia. It is the second most common neurodegenerative disease after Alzheimer disease, affecting 1% to 3% of people older than 65 years. People who are born with structurally abnormal variants of α-synuclein or who overproduce structurally normal α-synuclein as a result of gene duplication or triplication can develop early-onset forms of Parkinson disease.









Protein misfolding can be contagious


An unusual type of neurodegeneration is caused by aggregates of the prion protein (PrP). The normal cellular prion protein (PrPC) is an abundant protein in the nervous system, where it is tethered to the outer surface of the plasma membrane by a glycosylphosphatidylinositol anchor (see Chapter 12). Smaller amounts are present in other organs and in blood and cerebrospinal fluid. Little is known about its normal function, although knockout mice lacking PrP have mild to moderate neurological abnormalities.


Creutzfeldt-Jacob disease (CJD) is a rare disease (incidence one per million per year) of middle-aged and old people in whom mental deterioration progresses to death within weeks or months. At autopsy the brain is found to be riddled with holes; therefore, this type of disease is characterized as a spongiform encephalopathy.


CJD develops when the normal PrPC refolds itself into the abnormal PrPSc (Sc stands for “scrapie”), which forms aggregates in the brain. Most cases are sporadic, but some are inherited as an autosomal dominant trait. The offending point mutations increase the likelihood that PrP refolds itself into the aggregation-prone form.


What sets prion diseases apart from other protein misfolding diseases is their potentially infectious nature. Not only does PrPSc join hands with other molecules of





Clinical example 2.3: Kuru


During the 1950s, health officers in a remote part of Papua New Guinea became aware of a deadly disease that afflicted women and teenage girls of the local Fore tribe. The disease was known as kuru, after the local word for “trembling.” The victims developed tremors, became unable to walk, sometimes laughed compulsively, and died within 1 year after the onset of symptoms. The similarity of the brain pathology with that of the sheep disease scrapie was soon noted, but the origin of the disease remained a mystery. Finally, its transmissibility to nonhuman primates could be shown. Unlike a virus, the infectious agent contained no nucleic acid. Therefore the term “prion” (proteinaceous infectious only) was coined for this novel pathogen.


The Fore had adopted the custom of mortuary cannibalism in the early years of the twentieth century: They honored their dead by eating them. Through this practice, kuru was transmitted. Actually, the main route of infection was not through the gastrointestinal tract. Like other proteins, prions are destroyed by enzymes in the stomach and intestine, and intact proteins are not readily absorbed. Most likely women and girls acquired the infection through small cuts in the skin while preparing the meals. Kuru was rare in parts of the country where the bodies were stewed on hot stones before they were carved up. Prions lose their infectivity after thorough heating because, like other proteins, they are subject to heat denaturation.


Most likely the kuru epidemic originated with a person who had died of spontaneous or inherited CJD. This person’s prions were transmitted to the body’s eaters, or more likely to the cooks, and then to the next set of cooks and eaters. Kuru was acquired by cannibals the same way that vCJD was acquired by Britons who were too intimate with the meat of cattle that were afflicted by mad cow disease. In both cases the disease is triggered when a few molecules of PrPSc enter the body and then induce the person’s own PrPC to fold into the disease-causing PrPSc.





PrPSc to form insoluble aggregates, it also induces neighboring molecules of PrPC to refold into PrPSc, leading to a chain reaction. CJD is not normally transmitted among humans, but the sheep equivalent of CJD, known as scrapie, can be naturally transmitted among sheep. During the 1980s, when cattle in Britain were fed insufficiently heated meat-and-bone meal prepared from sheep carcasses, many cattle developed the bovine equivalent of CJD and scrapie, known as bovine spongiform encephalopathy or “mad cow disease.” Some humans developed variant Creutzfeldt-Jacob disease (vCJD) after consuming the meat of infected cattle. Kuru is a transmissible spongiform encephalopathy in humans.









Summary


Proteins consist of 20 different amino acids held together by peptide bonds. The covalent structure of the protein, defined by the amino acid sequence, disulfide bonds, and other covalent bonds, is called its primary structure. Higher-order structures are formed by noncovalent interactions.


Regular, repetitive folding patterns are called secondary structures. The most important secondary structures are the α-helix and β-pleated sheet, both stabilized by hydrogen bonds between the peptide bonds. The tertiary structure, which is prominent in globular proteins, is the overall folding pattern of the polypeptide. It is stabilized mainly by hydrophobic interactions between amino acid side chains. Some proteins consist of two or more polypeptides (subunits). Their subunit composition and interactions define the protein’s quaternary structure.


Disulfide bonds between cysteine side chains can be formed within the polypeptide (intra-chain) or between polypeptides (inter-chain). Nonpolypeptide components, known as prosthetic groups, also are present in many proteins.


The noncovalent higher-order structure of proteins can be destroyed by heating, detergents, nonpolar organic solvents, heavy metals, and extreme pH. This process of denaturation destroys the protein’s biological properties. Many laboratory methods for the separation of proteins from biological samples are available.


Some proteins are prone to misfolding, thus forming structures with a high content of β-pleated sheets that aggregate into insoluble fibrils. Extracellular protein deposits of this kind, known as amyloid, accumulate in old age and in many diseases. When formed in the brain, either within or outside the cells, misfolded proteins can lead to neurodegenerative diseases including Alzheimer and Parkinson disease. Prion protein, once in a misfolded state, can even bend other prion protein molecules into the pathogenic conformation.
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Questions






1. The component of a water-soluble globular protein that is most likely to be present in the center of the molecule rather than on its surface is


A. A glutamate side chain



B. A histidine side chain



C. A phenylalanine side chain



D. A phosphate group covalently linked to a serine side chain



E. An oligosaccharide covalently linked to an asparagine side chain






2. The following structure is an oligopeptide that is acetylated at its amino end and amidated at its carboxyl end, making the terminal groups nonionizable. This oligopeptide has a pI close to 
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A. 4.3



B. 5.1



C. 6.0



D. 7.5



E. 10.8






3. Human blood plasma contains about 7% protein. These plasma proteins have pK values close to 4 or 5. In the test tube, these proteins will form an insoluble precipitate after all of the following treatments except


A. Boiling the serum for 5 minutes



B. Adding sodium chloride to a concentration of 35%



C. Adjusting the pH to 4.5



D. Boiling the serum with 6N hydrochloric acid for 10 hours



E. Mixing one volume of plasma with two volumes of pure alcohol






4. A genetic engineer wants to produce athletes with increased hemoglobin concentration in the erythrocytes, to improve oxygen supply to the muscles. To do so, the water solubility of the hemoglobin molecule must be increased. Which of the following amino acid changes on the surface of the hemoglobin molecule is most likely to increase its water solubility?


A. Arg → Lys



B. Leu → Phe



C. Gln → Ser



D. Ala → Asn



E. Ser → Ala






5. Your grandmother has become increasingly forgetful during the past 2 years. Last week she actually got lost on the way back from the grocery store a few blocks down the road. One treatment that could perhaps help her would be a drug that


A. Reduces the synthesis of transthyretin



B. Reduces the formation of immunoglobulins



C. Inhibits the activity of β-secretase



D. Reduces the formation of α-synuclein



E. Adds phosphate groups to tau protein






6. While attending your great-grandfather’s 100th birthday, he tells you that his doctor warned him that his heart is getting weak. The most likely cause of this is an abnormally folded form of


A. Serum amyloid A protein



B. β2-microglobulin



C. β-amyloid



D. Prion protein



E. Transthyretin






















Chapter 3 Oxygen Transporters


Hemoglobin and Myoglobin


The human body consumes about 500 g of molecular oxygen per day. This amount of oxygen cannot be transported physically dissolved in blood plasma. At the oxygen partial pressure of 90 torr that prevails in the lung capillaries, 1 L of plasma can dissolve only 2.8 ml (4.1 mg) of O2. Without oxygen-binding proteins, the 8000 L of blood that the heart pumps to the tissues every day would be able to supply only about 30 g of oxygen, which is 6% of the total requirement. Fortunately, human blood contains 150 g of the oxygen-binding protein hemoglobin per liter, locked up in the erythrocytes. Thanks to hemoglobin, 1 L of blood can dissolve 280 mg of oxygen, about 70 times more than hemoglobin-free blood plasma. The binding of oxygen to hemoglobin, known technically as oxygenation, is reversible:
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Therefore oxygen binds to oxygen-binding proteins when oxygen is plentiful, and is released when it is scarce.






The heme group is the oxygen-binding site of hemoglobin and myoglobin


None of the functional groups in the common amino acids can bind molecular oxygen. Therefore oxygen binding to hemoglobin and its close relative myoglobin requires the prosthetic group heme.


Heme consists of a porphyrin, called protoporphyrin IX, with a ferrous iron chelated in its center (Fig. 3.1). Protoporphyrin IX contains four five-member, nitrogen-containing pyrrole rings, held together by methine (—CH=) bridges and decorated with methyl (—CH3), vinyl (—CH=CH2), and propionate (—CH2—CH2—COO–) side chains. The most important part of the heme group is its iron. Like other heavy metals, ionized iron can form coordination bonds with the free electron pairs of oxygen and nitrogen atoms. The iron in heme is bound to the nitrogen atoms of the four pyrrole rings. In hemoglobin and myoglobin, the iron forms a fifth bond with a nitrogen atom in a histidine side chain of the apoprotein. This histidine is called the proximal histidine. An optional sixth bond can be formed with molecular oxygen:
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Figure 3.1 Structure of the heme group in hemoglobin and myoglobin. Note that the upper part of the group is hydrophilic because of the charged propionate side chains, whereas the lower part is hydrophobic. The conjugated double bonds in the ring system are responsible for its color. Oxyhemoglobin is red, and deoxyhemoglobin blue.
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Iron can exist in a ferrous (Fe2+) and a ferric (Fe3+) state. Ferric iron is the more oxidized form because it can be formed from ferrous iron by the removal of an electron:
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By definition, the removal of an electron qualifies as oxidation. The heme iron in hemoglobin and myoglobin is always in the ferrous state. Even during oxygen binding it is not oxidized to the ferric form. It becomes oxygenated but not oxidized.





CLINICAL EXAMPLE 3.1: Cyanosis


The porphyrin ring system contains conjugated double bonds (double bonds alternating with single bonds), which absorb visible light. These double bonds are responsible for the color of human blood. The color of oxygenated hemoglobin is red, and the color of deoxyhemoglobin is blue. Conditions in which hemoglobin becomes deoxygenated to an abnormal extent lead to blue discoloration of the lips and other mucous membranes. Pulmonary and circulatory failure lead to cyanosis, as does severe anemia. A less serious situation is cold exposure, which leads to peripheral vasoconstriction, slows the flow of blood through the capillaries, and thereby leads to more complete deoxygenation.












Myoglobin is a tightly packed globular protein


Myoglobin is a relative of hemoglobin but occurs only in muscle tissue, where its function is short-term storage of oxygen for muscle contraction. It consists of a single polypeptide with 153 amino acids and a tightly bound heme group (molecular weight 17,000 D [17 kDa]). About 75% of the amino acid residues participate in α-helical structures. Eight α-helices with lengths between 7 and 23 amino acids are connected by nonhelical segments (Fig. 3.2). Starting from the amino terminus, the helixes are designated by capital letters A through H. The positions of the amino acid residues are specified by the helix letter and their position in the helix. For example, the proximal histidine, which is in position 93 of the polypeptide counting from the amino end, is designated His F8 because it is the eighth amino acid in the F helix.
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Figure 3.2 Tertiary structures of myoglobin and the β-chain of hemoglobin. Only the α-carbons are shown. The amino acid residues are designated by their position in one of the eight helices (A through H, starting from the amino terminus) or nonhelical links. For example, the proximal histidine F8, is the eighth amino acid in the F helix, counting from the amino end.




Many of the α-helices are amphipathic, with hydrophobic amino acid residues clustered on one edge and hydrophilic residues on the other. The hydrophilic edge contacts the surrounding water, and the hydrophobic edge faces inward to the center of the molecule. The interior of myoglobin is filled with tightly packed nonpolar side chains, and hydrophobic interactions are the major stabilizing force in its tertiary structure.


The heme group is tucked between the E and F helices, properly positioned by hydrophobic interactions with amino acid side chains and the bond between the iron and the proximal histidine. On the side opposite the proximal histidine, the heme iron faces the distal histidine (His E7) without binding it. The cavity between the distal histidine and the heme iron is just large enough to accommodate an oxygen molecule.


Like most cytoplasmic proteins, myoglobin contains no disulfide bonds. Its tertiary structure is maintained only by noncovalent forces.









The red blood cells are specialized for oxygen transport


Hemoglobin is found only in erythrocytes, or red blood cells (RBCs). Erythrocytes are released from the bone marrow and then circulate for about 120 days before they are scavenged by phagocytic cells in the spleen and other tissues. Erythrocytes have no nucleus and therefore are no longer able to divide and to synthesize proteins; they are dead. Their hemoglobin is inherited from their nucleated precursors in the bone marrow. They also lack mitochondria and therefore do not consume any of the oxygen they transport. They cover their modest energy needs by the anaerobic metabolism of glucose to lactic acid. In essence, erythrocytes are bags filled with hemoglobin at a concentration of 33%, physically dissolved in the cytoplasm.









The hemoglobins are tetrameric proteins


Whereas myoglobin consists of a single polypeptide with its heme group, hemoglobin has four polypeptides, each with its own heme. Humans have several types of hemoglobin (Table 3.1). Hemoglobin A (HbA), which contains two α-chains and two β-chains, is the major adult hemoglobin. The minor adult hemoglobin (HbA2) and fetal hemoglobin (HbF) also have two α-chains, but instead of the β-chains, HbA2 has δ-chains and HbF has γ-chains.


Table 3.1 Most Important Human Hemoglobins*






	 

	Subunit






	Type

	Structure

	Importance






	Major adult (HbA)

	α2β2


	97% of adult hemoglobin






	Minor adult (HbA2)

	α2δ2


	2%–3% of adult hemoglobin






	Fetal (HbF)

	α2γ2


	Major hemoglobin in second and third trimesters of pregnancy







* See also Chapter 9.


The α-chains have 141 amino acids, and the β-, γ-, and δ-chains have 146 amino acids. All of these chains are structurally related. The α- and β-chains are identical in 64 of their amino acids. The β- and γ-chains differ in 39 their 146 amino acids, and the β- and δ-chains differ in 10.


Although hemoglobin chains are distant relatives of myoglobin, only 28 amino acids are identical in α-chains, β-chains, and myoglobin. These conserved amino acids include the proximal and distal histidines and some of the other amino acids contacting the heme group. Many of the nonconserved amino acid positions are “conservative” substitutions. This means that corresponding amino acids have similar physical properties.


Each hemoglobin subunit folds itself into a shape that strikingly resembles the tertiary structure of myoglobin (see Fig. 3.2). Therefore hemoglobin looks like four myoglobin molecules glued together. Like myoglobin, each hemoglobin subunit has a hydrophobic core and a hydrophilic surface. The subunits interact mainly through hydrogen bonds and salt bonds, without any disulfide bonds.









Oxygenated and deoxygenated hemoglobin have different quaternary structures


The subunits of deoxyhemoglobin are held together by eight salt bonds between the polypeptides as well as by hydrogen bonds and other noncovalent interactions. Upon oxygenation, the salt bonds break and a new set of hydrogen bonds forms. Subunit interactions are weaker in oxyhemoglobin than in deoxyhemoglobin. Therefore the conformation of deoxyhemoglobin is called the T (tense, or taut) conformation, and that of oxyhemoglobin is called the R (relaxed) conformation (Fig. 3.3).
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Figure 3.3 Simplified model of the transition from T to R conformation during successive oxygenations of hemoglobin. Partially oxygenated hemoglobin spends most of its time in intermediate conformational states. In actuality, different conformations ranging from “pure” T to “pure” R exist in equilibrium in each oxygenation state.




The conformation of hemoglobin changes with oxygenation because the bond distances between the heme iron and the five nitrogen atoms with which it is complexed shorten when oxygen binds. This distorts the shape of the heme group and pulls on the F helix to which the proximal histidine (F8) belongs. The interactions with the other subunits are destabilized, and the shape of the whole molecule is shifted toward the R conformation.





CLINICAL EXAMPLE 3.2: Microcytic Hypochromic Anemia


Between 38% and 53% of the blood volume consists of RBCs (or erythrocytes). This percentage can be determined by centrifuging the blood for some minutes. Because of their high protein content, RBCs have a higher density than plasma and settle to the bottom. The percentage of the total volume occupied by this cellular sediment of red cells is called the hematocrit (Table 3.2).


Table 3.2 Characteristics of Red Blood Cells and Hemoglobin






	Diameter of RBCs

	7.3 μm






	Lifespan of RBCs

	120 days






	No. of RBCs

	4.2–5.4 million/mm3 (female)






	 

	4.6–6.2 million/mm3 (male)






	Intracorpuscular hemoglobin concentration

	33%






	Hematocrit*


	38%–46% (female)






	 

	42%–53% (male)






	Hemoglobin in whole blood

	12%–15% (female)






	 

	14%–17% (male)







RBC, Red blood cell.


* Hematocrit = percentage of blood volume occupied by blood cells; measured by centrifugation of whole blood.


Patients whose blood hemoglobin falls below the normal range of 12% to 17% are said to have anemia. They usually have a reduced hematocrit as well. Chronic anemia can have many causes, including hemolysis (destruction of RBCs), bone marrow failure (aplastic anemia), and impaired DNA synthesis and cell division in RBC precursors (megaloblastic anemia).


Conditions that impair hemoglobin synthesis lead to microcytic hypochromic anemia. Causes include the inability to synthesize enough α-chains or β-chains, inability to synthesize the porphyrin portion of heme, or iron deficiency. The most common cause is iron deficiency due to poor nutrition and/or chronic blood loss (see Chapter 29). Other conditions (e.g., vitamin B6 deficiency) impair the synthesis of the porphyrin. In the group of genetic diseases called the thalassemias, the synthesis of hemoglobin α-chains or β-chains is impaired (see Chapter 9). Because RBCs are little more than bags filled with hemoglobin, reduced hemoglobin synthesis leads to cells that both are too small (microcytosis) and have a reduced hemoglobin concentration (hypochromia).





The most important biological difference between the two conformations is their oxygen-binding affinity. The R conformation binds oxygen 150 to 300 times more tightly than does the T conformation.


Proteins that can assume alternative higher-order structures are called allosteric proteins. The alternative conformations of an allosteric protein interconvert spontaneously, and their equilibrium is affected by ligand binding. A ligand (from Latin ligare meaning “to bind”) is any small molecule that binds reversibly to a protein.


Erythrocytes contain the enzyme methemoglobin reductase, which uses the coenzyme NADH (the reduced form of nicotinamide adenine dinucleotide) to reduce methemoglobin back to hemoglobin. Inherited deficiency of this enzyme is another rare cause of congenital methemoglobinemia.









Oxygen binding to hemoglobin is cooperative


The oxygen-binding curve describes the fractional saturation of the heme groups at varying oxygen partial pressures. The oxygen partial pressure (pO2) is about 100 torr in the lung alveoli, 90 torr in the lung capillaries, and between 30 and 60 torr in the capillaries of most tissues. In contracting muscles, pO2 can fall to 20 torr.





CLINICAL EXAMPLE 3.3: Methemoglobinemia


Only ferrous iron (Fe2+) binds molecular oxygen. Ferric iron (Fe3+) does not. Oxidation of the heme iron in hemoglobin to the ferric state produces methemoglobin, which is useless for oxygen transport. Methemoglobin is responsible for the brown color of dried blood. Normally less than 1% of the circulating hemoglobin is in the form of methemoglobin, but aniline dyes, aromatic nitro compounds, inorganic and organic nitrites, and other oxidizing chemicals can cause excessive methemoglobin formation. Methemoglobinemia is treated with reducing agents (e.g., methylene blue), which reduce the ferric iron back to the ferrous state.


The heme iron is somewhat protected from oxidant attack by its binding to the apoprotein, which leaves only one side of the iron accessible for oxygen and other oxidizing agents. Structural abnormalities of hemoglobin that lead to “loose” binding of the heme group cause congenital methemoglobinemia. This happens, for example, when the proximal histidine is replaced by a tyrosine residue.





Figure 3.4 shows that myoglobin binds oxygen far tighter than does hemoglobin. Myoglobin is half-saturated with oxygen at 1 torr, whereas hemoglobin requires 26 torr. This difference in oxygen affinity facilitates the transfer of oxygen from the blood to the tissue.
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Figure 3.4 Oxygen-binding curves of hemoglobin and myoglobin. P50 is defined as the oxygen partial pressure at which half of the heme groups are oxygenated.




The shapes of the oxygen-binding curves differ as well. The myoglobin curve is hyperbolic, which is expected for a simple equilibrium reaction of the following type:
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The binding curve of hemoglobin is sigmoidal. Why? Completely deoxygenated hemoglobin is mainly in the T conformation, which has a very low oxygen affinity. This accounts for the flat part of the curve below about 10 torr. However, with increasing oxygen partial pressure, the first heme nevertheless becomes oxygenated. Oxygenation of the first heme destabilizes the T conformation and shifts the structure toward the R conformation. This repeats itself after binding of the second and third oxygen molecules. Oxygen binding to a heme group in hemoglobin increases the oxygen affinities of the remaining heme groups. This is called positive cooperativity.


Cooperativity improves hemoglobin’s efficiency as an oxygen transporter. Without cooperativity, an 81-fold increase of pO2 would be required to raise the oxygen saturation from 10% to 90%. For hemoglobin, however, a 4.8-fold increase is sufficient to do the same. Due to positive cooperativity, hemoglobin is about 96% saturated in the lung capillaries (pO2 = 90 torr) but only 33% saturated in the capillaries of working muscle (pO2 = 20 torr). Less oxygen is extracted in other tissues so that the mixed venous blood is still 60% to 70% oxygenated. Although this oxygen is useless under ordinary conditions, it can keep a person alive for a few minutes after acute respiratory arrest.









2,3-Bisphosphoglycerate is a negative allosteric effector of oxygen binding to hemoglobin


2,3-Bisphosphoglycerate (BPG) is a small organic molecule that is present in RBCs at a concentration of about 5 mmol, roughly equimolar with hemoglobin:
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Most of it is noncovalently bound to hemoglobin. One molecule of BPG is positioned in a central cavity between the subunits, forming salt bonds with positively charged amino acid residues in the two β-chains. BPG binds to the T conformation but not the R conformation of hemoglobin. Therefore it stabilizes only the T conformation, favoring it over the R conformation (Fig. 3.5). Because the T conformation has the lower oxygen affinity, BPG decreases the oxygen-binding affinity.
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Figure 3.5 Effect of 2,3-bisphosphoglycerate (BPG) on the equilibrium between the T and R conformations of hemoglobin. The salt bonds between BPG and the β-chains stabilize the T conformation.




BPG is a physiologically important regulator of oxygen binding to hemoglobin. The BPG concentration in RBCs increases in hypoxic conditions, including lung diseases, severe anemia, and adaptation to high altitude. This barely affects oxygenation in the lung capillaries, but it enhances the unloading of oxygen in the tissues whose oxygen partial pressures are in the steep part of the oxygen-binding curve (Fig. 3.6).
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Figure 3.6 Effect of 2,3-bisphosphoglycerate (BPG) on the oxygen-binding affinity of hemoglobin (Hb).




BPG is described as a negative allosteric effector with regard to oxygen binding to hemoglobin because it lowers the oxygen affinity. A positive allosteric effector increases the oxygen affinity.


Hemoglobin is not the only allosteric protein. Allosteric enzymes are regulated by positive and negative allosteric effectors that enhance or inhibit enzymatic catalysis, respectively (see Chapter 4). These effectors bind to regulatory sites on the enzyme that are outside of the catalytic sites. Most allosteric proteins consist of more than one subunit, and the subunit interactions are affected by ligand binding.









Fetal hemoglobin has a higher oxygen-binding affinity than does adult hemoglobin


In HbA, BPG forms salt bonds with the amino termini of the β-chains and with the side chains of Lys EF6 and His H21 in the β-chains. In the γ-chains of HbF, His H21 is replaced by an uncharged serine residue. Therefore BPG binds less tightly to HbF than to HbA, and it reduces the oxygen affinity of HbF less than that of HbA. Thus HbF has a higher oxygen affinity than does HbA. It is half-saturated at 20 torr compared to 26 torr for HbA. This facilitates the transfer of oxygen from the maternal blood to the fetal blood in the capillaries of the placenta.





CLINICAL EXAMPLE 3.4: Carbon Monoxide Poisoning


Carbon monoxide (CO) is a product of incomplete combustion, and a small amount is even formed in the human body (see Chapter 27). CO binds to the ferrous iron in hemoglobin and myoglobin with 200 times higher affinity than O2. This kind of interaction is called competitive antagonism because CO and O2 compete for the same binding site. In addition to keeping O2 off the heme iron, bound CO greatly increases the oxygen-binding affinities of the remaining heme groups. This further impairs oxygen transport.


Despite its high affinity, CO binding is reversible. In a normally breathing patient with CO poisoning, O2 gradually displaces the CO from the heme iron. The CO is exhaled through the lungs, and the patient recovers slowly in the course of several hours. Carbon monoxide poisoning can be treated with hyperbaric oxygen, which accelerates this process.


Acute CO poisoning is seen after attempted suicide by inhaling car exhaust gas and in people trapped in burning buildings. Throbbing headache, confusion, and fainting on exertion occur when 30% to 50% of the heme groups are occupied by CO, and a CO saturation of 80% is rapidly fatal. Patients with CO poisoning are not cyanotic because CO hemoglobin has a bright cherry-red color. Smokers have 4% to 8% of their hemoglobin in the CO form. Therefore smoking is not a good habit for patients who suffer from poor tissue oxygenation, such as those with angina pectoris (myocardial ischemia).












The bohr effect facilitates oxygen delivery


Metabolic activity can acidify the environment by two mechanisms. One is the formation of carbon dioxide (CO2), which reacts with water to form carbonic acid:
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The other mechanism is the formation of lactic acid from glucose or glycogen, which is the only way cells can make at least some ATP (adenosine triphosphate) without consuming oxygen. Lactic acid is formed in exercising muscles and under oxygen-deficient conditions (see Chapter 21).


An acidic environment reduces the oxygen affinity of hemoglobin, resulting in the release of bound oxygen. This is called the Bohr effect. It occurs because protons (H+) are released from hemoglobin when oxygen binds:
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In the backward reaction, oxygen is released when protons bind to hemoglobin. About 0.7 protons bind when one oxygen molecule leaves. An increased proton concentration pushes the reaction to the left, releasing oxygen from hemoglobin.


In addition to its acidifying action, CO2 reduces the oxygen affinity of hemoglobin by covalent binding to the terminal amino groups of the α- and β-chains. This reaction forms carbamino hemoglobin:
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This reversible reaction proceeds spontaneously, without the need for an enzyme. Carbamino hemoglobin has a lower oxygen affinity than does unmodified hemoglobin. Like the pH effect, the CO2 effect ensures that oxygen is most easily released in actively metabolizing tissues where it is most needed.





CLINICAL EXAMPLE 3.5: 2,3-BPG and Blood Banking


Blood for transfusion can be stored at 2°C to 6°C for about 4 weeks. Whole blood is used for patients who have suffered from severe blood loss after accidents or surgery. Anemic patients are best treated with packed RBCs.


Among the adverse changes that occur in erythrocytes during storage is the loss of 2,3-BPG. As much as 90% of BPG is lost after storage for 3 weeks, resulting in an abnormally high oxygen affinity of hemoglobin. After transfusion it takes up to 24 hours to restore BPG to a normal level.


Simply adding 2,3-BPG to the stored blood is ineffective because BPG, like other phosphorylated compounds, does not cross the erythrocyte membrane. BPG synthesis requires glycolytic intermediates and ATP. To prevent ATP depletion, blood is stored in the presence of glucose, which is the only fuel for erythrocytes. Adenine also is added in most cases. Phosphate and glycolytic intermediates, such as dihydroxyacetone or pyruvate, can be added to the blood to minimize the depletion of BPG.












Most carbon dioxide is transported as bicarbonate


CO2 has a higher water solubility compared to O2; therefore, some of it is transported physically dissolved in plasma. Another portion is transported as the carbamino group by hemoglobin and by plasma proteins.


However, 80% of the CO2 is transported from the peripheral tissues to the lungs as inorganic bicarbonate (Fig. 3.7). CO2 diffuses into the erythrocyte, where the enzyme carbonic anhydrase rapidly establishes equilibrium among CO2, H2O, and carbonic acid. Most of the carbonic acid dissociates into a proton and the bicarbonate anion. Although the proton binds to hemoglobin as part of the Bohr effect, the bicarbonate leaves the cell in exchange for a chloride ion. This exchange requires an anion channel in the membrane. The bicarbonate is now transported to the lungs, physically dissolved in the plasma. In the lung capillaries, all of these processes run in reverse while the CO2 is exhaled.
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Figure 3.7 Major mechanism of carbon dioxide transport. Note that all processes are reversible. Their direction is determined by the concentrations of the involved substances in the extrapulmonary tissues (A) and in the lung capillaries (B).











Summary


Oxygen-binding proteins are required because molecular oxygen is poorly soluble in body fluids. Hemoglobin in RBCs and myoglobin in the muscles are structurally related proteins that use heme as a prosthetic group. Myoglobin consists of a single polypeptide with a single heme group. Hemoglobin has four polypeptides, each with its own heme. Adult hemoglobin (HbA) has two α-chains and two β-chains, and fetal hemoglobin (HbF) has two α-chains and two γ-chains. Myoglobin has a far higher oxygen-binding affinity compared to the hemoglobins, and HbF has a slightly higher oxygen affinity than does HbA.


Hemoglobin (but not myoglobin) has allosteric properties. Positive cooperativity between the heme groups leads to a sigmoidal oxygen-binding curve. BPG and protons are negative allosteric effectors that decrease the oxygen-binding affinity. Hemoglobin deficiency, clinically known as anemia, occurs in many clinical conditions. Hemoglobin can also be poisoned by substances that oxidize the ferrous heme iron to the ferric state and by the competitive antagonist CO, which blocks the oxygen-binding site on the heme iron.





Questions






1. A pharmaceutical company is trying to develop a drug that improves tissue oxygenation by increasing the percentage of oxygen that is released from hemoglobin during its passage through the capillaries of extrapulmonary tissues. It is hoped this drug will become a popular doping agent for athletes. The company should try a drug that


A. Binds to the heme iron



B. Inhibits the degradation of 2,3-BPG, thereby increasing its concentration in erythrocytes



C. Binds to ion channels in the RBC membrane, thereby increasing the intracellular pH



D. Binds to the R conformation of hemoglobin but not the T conformation



E. Induces the synthesis of hemoglobin γ-chains in adults






2. A worker in a chemical factory loses consciousness a few minutes after falling into a vat containing the aromatic nitro compound nitrobenzene. This loss of consciousness may be caused by an action of nitrobenzene on hemoglobin, most likely resulting from


A. Competitive inhibition of oxygen binding



B. Oxidation of the heme iron to the ferric state



C. Reductive cleavage of disulfide bonds between the hemoglobin subunits



D. Hydrolysis of peptide bonds in hemoglobin α- and β-chains



E. Inhibition of hemoglobin synthesis






3. The oxygen-binding curve of hemoglobin is sigmoidal because


A. The binding of oxygen to a heme group increases the oxygen affinities of the other heme groups



B. The heme groups of the α-chains have a higher oxygen affinity than do the heme groups of the β-chains



C. The distal histidine allows the hemoglobin molecule to change its conformation in response to an elevated carbon dioxide concentration



D. The subunits are held in place by interchain disulfide bonds



E. The solubility of the hemoglobin molecule changes with its oxidation state



















Chapter 4 Enzymatic Reactions


The living cell is a cauldron in which thousands of chemical reactions proceed at the same time. Hardly any of these reactions would proceed at any noticeable rate if their starting materials, or substrates, were simply mixed in a test tube by an overoptimistic chemist. The chemist could possibly force the reactions by increasing the temperature or by using a nonselective catalyst, such as a strong acid or a strong base. But the human body is not in this lucky position because body temperature and pH must be kept within narrow limits.


Therefore living things depend on highly selective catalysts called enzymes. By definition, a catalyst is a substance that accelerates a chemical reaction without being consumed in the process. Because it is regenerated at the end of each catalytic cycle (Fig. 4.1), a single molecule of the catalyst can convert many substrate molecules into product. Only a tiny amount of the catalyst is needed.
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Figure 4.1 The catalytic cycle. The substrate has to bind to the enzyme to form a noncovalent enzyme-substrate complex (Enzyme•Substrate). The actual reaction takes place while the substrate is bound to the enzyme. Note that the enzyme is regenerated at the end of the catalytic cycle.




The thermodynamic properties of a reaction are related to energy balance and equilibrium, whereas kinetic properties are related to the speed (velocity, or rate) of the reaction. Enzymes do not change the equilibrium of a reaction or its energy balance; they only make the reaction go faster. Enzymes change the kinetic but not the thermodynamic characteristics of the reaction.






The equilibrium constant describes the equilibrium of the reaction


In theory, all chemical reactions are reversible. The reaction equilibrium can be determined experimentally by mixing substrates (or products) with a suitable catalyst and allowing the reaction to proceed to completion. At this point, the concentrations of substrates and products can be measured to determine the equilibrium constant Kequ, which is defined as the ratio of product concentration to substrate concentration at equilibrium. For a simple reaction
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the equilibrium constant is
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[B] and [A] are the molar concentrations of product B and substrate A at equilibrium.


When more than one substrate or product participate, their concentrations have to be multiplied. For the reaction
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the equilibrium constant is
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The alcohol dehydrogenase (ADH) reaction provides an example:
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NAD+ (nicotinamide adenine dinucleotide) is a coenzyme that accepts hydrogen in this reaction (see Chapter 5). The equilibrium constant of the reaction is
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From Equation (2) we can calculate the relative concentrations of acetaldehyde and ethanol at equilibrium when [NADH] = [NAD+] and pH = 7.0:
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There is 10,000 times more ethanol than acetaldehyde at equilibrium!


Under aerobic conditions, however, NAD+ is far more abundant than NADH in the cell. When [NAD+] is 1000 times higher than [NADH], Equation (3) assumes the numerical values of
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The pH also is important. At pH of 8.0 and [NAD+]/[NADH] ratio of 1000, for example, Equation (3) yields
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This example shows that a reaction can be driven toward product formation by raising the concentration of a substrate or lowering the concentration of a product.


To adapt the equilibrium constant to physiological conditions, a “biological equilibrium constant,” K′equ, is used. In the definition of K′equ, a value of 1.0 is assigned to the water concentration if water participates in the reaction, and a value of 1.0 to a proton concentration of 10−7 mol/L (pH = 7.0) if protons participate in the reaction. The K′equ of the alcohol dehydrogenase reaction, for example, is not 10−11 mol/L but 10−4 mol/L. At a pH of 8.0 in the preceding example, the proton concentration would be given a numerical value of 10−1.









The free energy change is the driving force for chemical reactions


During chemical reactions, energy is either released or absorbed. This is described as the enthalpy change ΔH:





(4) [image: image]





ΔE is the heat that is released or absorbed. It is measured in either kilocalories per mole (kcal/mol) or kilojoules per mole (kJ/mol, where 1 kcal = 4.184 kJ). By convention, a negative sign of ΔE means that heat is released; a positive sign indicates that heat is absorbed. P is the pressure, and ΔV is the volume change. P × ΔV is the work done by the system. It can be substantial in a car motor when the volume in the cylinder expands against the pressure of the piston, but volume changes are negligible in the human body. Therefore ΔH ≈ ΔE. The enthalpy change describes the difference in the total chemical bond energies between the substrates and products.


Reactions are driven not only by ΔH but by the entropy change (ΔS) as well. Entropy is a measure of the randomness or disorderliness of the system. A cluttered desk is often cited as an example of a high-entropy system. A positive ΔS means that the system becomes more disordered during the reaction. Entropy change and enthalpy change are combined in the free energy change ΔG:





(5) [image: image]





where T = absolute temperature measured in Kelvin.


ΔG is the driving force of the reaction. Like ΔE and ΔH in Equation (4), it is measured in kilocalories per mole (kcal/mol) or kilojoules per mole (kJ/mol). A negative sign of ΔG defines an exergonic reaction. It can proceed only in the forward direction. A positive sign of ΔG signifies an endergonic reaction. It can proceed only in the backward direction. At equilibrium, ΔG equals zero.


Equation (5) shows that a reaction can be driven by either a decrease in the chemical bond energies of the reactants (negative ΔH) or an increase in their randomness (positive T × ΔS). Low energy content and high randomness are the preferred states. Like most students, Nature tends to slip from energized order into energy-depleted chaos.


Entropy changes are small in most biochemical reactions, but diffusion is an entropy-driven process (Fig. 4.2, A). There is no making and breaking of chemical bonds during diffusion. Therefore the enthalpy change ΔH is zero. This leaves the T × ΔS part of Equation (5) as the only driving force. Thus diffusion can produce only a random distribution of the dissolved molecules.
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Figure 4.2 Diffusion as an entropy-driven process. A, In a hypothetical two-compartment system, molecules diffuse until their concentrations are equal. This is the state of maximal entropy. B, The living cell maintains a gradient of sodium ions across its plasma membrane. The cell can maintain this gradient, which represents a low-entropy state, only by “pumping” sodium out of the cell. The pump is fueled by the chemical bond energy in adenosine triphosphate (ATP). ADP, Adenosine diphosphate; Pi, inorganic phosphate. C, The dead cell lacks ATP; therefore, it cannot maintain its sodium gradient. A high-entropy state develops spontaneously, with intracellular [Na+] = extracellular [Na+].




The human body is a very orderly system. To maintain this improbable and therefore thermodynamically disfavored state of affairs, biochemical reactions must antagonize the spontaneous increase in entropy.Equation (5) shows that a reaction can reduce entropy (negative T × ΔS) only when it consumes chemical bond energy (negative ΔH). In other words, the human body must consume chemical bond energy to maintain its low-entropy state.


In the example of Figure 4.2, B and C, the cell maintains a sodium gradient across the membrane by pumping sodium out of the cell (negative T × ΔS). Sodium pumping is driven by the hydrolysis of adenosine triphosphate (ATP) to adenosine diphosphate (ADP) and inorganic phosphate (Pi) (negative ΔH). Without ATP the gradient dissipates, the entropy of the system increases, and the cell dies. That is what death and dying are all about: a sharp rise in the entropy of the body.









The standard free energy change determines the equilibrium


The free energy change ΔG is affected by the relative reactant concentrations. It is not a property of the reaction as such. To describe the energy balance of a reaction, the standard free energy change, ΔG0′, must be defined: ΔG0′ is the free energy change under standard conditions. Standard conditions are defined by a concentration of 1 mol/L for all reactants (except protons and water) at a pH of 7.0. As in the definition of K′equ, values of 1 are assigned both to the water concentration and to the proton concentration at pH 7.


For the reaction
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the standard free energy change ΔG0′ is related to the real free energy change ΔG by Equation (6):
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where R = gas constant, and T = absolute temperature measured in Kelvin. The numerical value of R is 1.987 × 10−3 kcal × mol−1 × K−1. At a “standard temperature” of 25°C (298K), Equation (6) assumes the form of
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At equilibrium, ΔG = 0, and Equation (7) therefore yields
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The reactant concentrations under the logarithm are now the equilibrium concentrations. Their ratio defines the biological equilibrium constant K′equ
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Substituting Equation (9) into Equation (8) yields





(10) [image: image]





There is a negative logarithmic relationship between ΔG0′ and the equilibrium constant K′equ (Table 4.1). When ΔG0′ is negative, product concentrations are higher than substrate concentrations at equilibrium; when it is positive, substrate concentrations are higher.


Table 4.1 Relationship between the Equilibrium Constant K′equ and the Standard Free Energy Change ΔG0′






	
K′equ


	ΔG0′ (kcal/mol)






	10−5


	6.82






	10−4


	5.46






	10−3


	4.09






	10−2


	2.73






	10−1


	1.36






	1

	0






	10

	−1.36






	102


	−2.73






	103


	−4.09






	104


	−5.46






	105


	−6.82














Enzymes are both powerful and selective


There is no compelling reason why only proteins should catalyze reactions, and catalytic ribonucleic acids (RNAs) are known to exist. By and large, however, almost all enzymes are globular proteins.


Enzymes can accelerate a chemical reaction enormously. Many reactions that proceed within minutes in the presence of an enzyme would require thousands of years to reach their equilibrium in the absence of a catalyst. The turnover number describes the catalytic power of the enzyme. It is defined as the maximal number of substrate molecules converted to product by one enzyme molecule per second.Table 4.2 lists the turnover numbers of some enzymes.


Table 4.2 Approximate Turnover Numbers of Some Enzymes






	Enzyme

	Turnover Number (s−1)*







	Carbonic anhydrase

	600,000






	Catalase

	80,000






	Acetylcholinesterase

	25,000






	Triose phosphate isomerase

	4,400






	α-Amylase

	300






	Lactate dehydrogenase (muscle)

	200






	Chymotrypsin

	100






	Aldolase

	11






	Lysozyme

	0.5






	Fructose 2,6-bisphosphatase

	0.1







* Turnover numbers are measured at saturating substrate concentrations. They depend on the assay conditions, including temperature and pH.


Another key property of enzymes is their substrate specificity. Typically, each reaction requires its own enzyme. For example, when an enzyme is inhibited by a drug or is deficient because of a genetic defect, only one reaction is blocked.









The substrate must bind to its enzyme before the reaction can proceed


Enzymatic catalysis, like sex, requires intimate physical contact. It starts with the formation of an enzyme-substrate complex:
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where E = free enzyme, S = free substrate, and E·S = enzyme-substrate complex.


In the enzyme-substrate complex, the substrate is bound noncovalently to the active site on the surface of the enzyme protein. The active site contains the functional groups for substrate binding and catalysis. If a prosthetic group participates in the reaction as a coenzyme, it is present in the active site.


According to the lock-and-key model, substrate and active site bind each other because their surfaces are complementary. In many cases, however, substrate binding induces a conformational change in the active site that leads to further enzyme-substrate interactions and brings catalytically active groups to the substrate. This is called induced fit (Fig. 4.3).





[image: image]

Figure 4.3 Two models of enzyme-substrate binding. A, Lock-and-key model. B, Induced-fit model. S, Substrate.




The enzyme’s substrate specificity is determined by the geometry of enzyme-substrate binding. If the substrate is optically active, generally only one of the isomers is admitted. This is to be expected because the enzyme, being formed from optically active amino acids, is optically active itself. A three-point attachment (shown schematically in Fig. 4.4) is the minimal requirement for stereoselectivity.





[image: image]

Figure 4.4 Three-point attachment is the minimal requirement for stereoselectivity. In this hypothetical example, the enzyme-substrate complex is formed by a salt bond, a hydrogen bond, and a hydrophobic interaction. The substrate binds, whereas its enantiomer (bottom), is not able to form an enzyme-substrate complex.











Rate constants are useful for describing reaction rates


The rate (velocity) of a chemical reaction can be described by a rate constant k:
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In this one-substrate reaction, the reaction rate is defined by





(11) [image: image]





The rate constant has the dimension s−1 (per second), and the velocity V is the change in substrate concentration per second.


For a reversible reaction, the forward and backward reactions must be considered separately:
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At equilibrium, Vforward = Vbackward. Therefore the net reaction is zero:
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Equation (15) shows that the equilibrium constant Kequ, previously defined as [B]/[A] at equilibrium, is also the ratio of the two rate constants.


The forward reaction in Equation (12) is a first-order reaction. In a first-order reaction, the reaction rate is directly proportional to the substrate concentration. When the substrate concentration [A] is doubled, the reaction rate V is doubled as well. Uncatalyzed one-substrate reactions follow first-order kinetics. A classic example is the decay of a radioactive isotope.


When two substrates participate, the reaction rate is likely to depend on the concentrations of both substrates. This is called a second-order reaction. For
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the following is obtained:





(16) [image: image]





Doubling the concentration of one substrate doubles the reaction rate; doubling the concentrations of both raises it fourfold.


A zero-order reaction is independent of the substrate concentration. No matter how many substrate molecules are present in the test tube, only a fixed number is converted to product per second:





(17) [image: image]





Zero-order kinetics are observed only in catalyzed reactions when the substrate concentration is high, and the amount and turnover number of the catalyst, rather than the substrate availability, is the limiting factor.









Enzymes decrease the free energy of activation


Reactions with a negative ΔG can occur. In reality, however, many of these reactions do not occur at a perceptible rate. The reason is that in both catalyzed and uncatalyzed reactions, the substrate must pass through a transition state before the product is formed. The structure of the transition state is intermediate between substrate and product, but its free energy content is higher. Therefore it is unstable and decomposes almost instantly to form either substrate or product. The formation of the transition state is the rate-limiting step in the overall reaction.


The overall reaction shown in Figure 4.5 is exergonic because the product has lower free energy content than the substrate, but the formation of the transition state from the substrate is endergonic. The free energy difference between substrate and transition state is called the free energy of activation (ΔGact). It is an energy barrier that must be overcome by the kinetic energy of the reacting molecules as they collide with each other.
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Figure 4.5 Energy profile of a reaction. The enzyme facilitates the reaction by decreasing the free energy content of the transition state. [image: image], Uncatalyzed reaction; [image: image], catalyzed reaction. ΔGact, free energy of activation.




Most chemical systems are meta-stable, that is, they are thermodynamically unstable but kinetically stable. The human body is meta-stable in an oxygen-containing atmosphere. CO2 and H2O have lower free energy than do molecular oxygen and the organic molecules in the human body, but humans do not self-combust spontaneously because the free energy of activation is too high.


Enzymes stabilize the transition state and decrease its free energy content. As a result, the enzyme increases the reaction rate by decreasing the free energy of activation. Forward and backward reactions are accelerated in proportion; therefore, the equilibrium of the reaction remains unchanged.









Many enzymatic reactions can be described by michaelis-menten kinetics


In Michaelis-Menten kinetics, a few simple (or simplistic) assumptions are made about enzymatic catalysis:



1. The reaction has only one substrate.



2. The substrate is present at much higher molar concentration than the enzyme.



3. Only the initial reaction rate is considered, at a time when product is virtually absent and the backward reaction negligible.



4. The course of the reaction is observed for only a very short time period; the changes in substrate and product concentrations that take place as the reaction proceeds are neglected.


Enzymatic reactions proceed in three steps:
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The conversion of enzyme-bound substrate to enzyme-bound product [image: image] requires the formation of the transition state. Therefore it is usually the rate-limiting step. At low product concentration, the backward reactions in steps 2 and 3 can be neglected. In addition, steps 2 and 3 can be lumped together to yield
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The velocity or rate (V) of product formation, which defines the rate of the overall reaction, is





(18) [image: image]





where kcat is the catalytic rate constant. The upper limit of V is approached when the substrate concentration is high and nearly all enzyme molecules are present as enzyme-substrate complex. Therefore the maximal reaction rate (Vmax) is
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where [ET] = concentration of total enzyme, and kcat = turnover number of the enzyme.


The tightness of binding between enzyme and substrate in the enzyme-substrate complex is described by the “true” dissociation constant. This is the equilibrium constant for the reaction
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Besides decomposing back to free enzyme and free substrate, the enzyme-substrate complex can undergo catalysis. Under steady-state conditions, the concentration of the enzyme-substrate complex is constant, and its rate of formation equals its rate of decomposition. For
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the following is obtained:
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which yields





(22) [image: image]





and
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This is the definition of the Michaelis constant, Km. Because kcat usually is far smaller than k−1, Km is numerically similar to the true dissociation constant of the enzyme-substrate complex [Equation (20)].


The meaning of Km becomes clear when Equation (23) is remodeled to yield
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or
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These equations show that when the substrate concentration [S] = Km, the concentration of the enzyme-substrate complex E·S equals that of the free enzyme E: Kmis the substrate concentration at which the enzyme is half-saturated with its substrate. Because the reaction rate is proportionate to the concentration of the enzyme-substrate complex [Equation (18)], Km is also the substrate concentration at which the reaction rate is half-maximal.


The total enzyme (ET) is present as free enzyme and enzyme-substrate complex:
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or
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To obtain the Michaelis-Menten equation, Equations (24) and (27) are first combined:
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This becomes
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and
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Combining Equations (18) and (19) yields
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Equations (30) and (31) now can be combined to obtain the Michaelis-Menten equation:
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or
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Km and vmax can be determined graphically


The derivation of Km and Vmax is not merely a joyful intellectual exercise for the student. These kinetic properties can actually be used to predict reaction rates at varying substrate concentrations.


Figure 4.6 shows what happens when a fixed amount of enzyme is incubated with varying concentrations of substrate. At substrate concentrations far below Km, the reaction rate is almost directly proportionate to the substrate concentration, and the reaction shows first-order kinetics. Eventually, however, the reaction rate approaches Vmax. At substrate concentrations far higher than Km, the reaction becomes nearly independent of the substrate concentration and shows zero-order kinetics. Almost all enzyme molecules are present as enzyme-substrate complex, and the reaction is limited no longer by substrate availability but by the amount and turnover number of the enzyme. Km is the point on the x-axis that corresponds to ½Vmax on the y-axis.
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Figure 4.6 Relationship between reaction rate (V) and substrate concentration ([S]) in a typical enzymatic reaction. Km, Michaelis constant; Vmax, maximal reaction rate.




In a double-reciprocal plot, known as the Lineweaver-Burk plot (Fig. 4.7), the relationship between 1/V and 1/[S] becomes a straight line. It corresponds to the equation
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Figure 4.7 Lineweaver-Burk plot for a typical enzymatic reaction. It is derived from the equation 1/V = 1/Vmax + Km/Vmax × 1/[S]. Km, Michaelis constant; V, reaction rate; Vmax, maximal reaction rate.
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which is obtained by turning the Michaelis-Menten equation [Equation (33)] upside down. The intersection of this line with the y-axis is 1/Vmax, and its intersection with the x-axis is −1/Km.


The transition from first-order to zero-order kinetics with increasing substrate concentration can be compared to ticket sales in a bus terminal. When passengers are scarce, the number of tickets sold per minute depends directly on the number of passengers: Tickets are sold with first-order kinetics. However, during rush hour, when a line forms, the rate of ticket sales is no longer limited by passenger availability but by the turnover number of the ticket clerk. No matter how long the line, it progresses at a constant rate, Vmax. Tickets are now sold with zero-order kinetics.









Substrate half-life can be determined for first-order but not zero-order reactions


Figure 4.8 shows how the substrate of an irreversible reaction gradually disappears by being converted to product. The slope of the curve is the reaction rate. The rate of a zero-order reaction remains constant over time; therefore, we get a straight line. The first-order reaction, in contrast, slows down as less and less substrate is left, and its rate approaches zero asymptotically.
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Figure 4.8 Disappearance of substrate is traced for a zero-order reaction ([image: image]) and a first-order reaction ([image: image]). The half-life (T½) is defined as the time period during which half of the substrate is converted to product in the first-order reaction.




The half-life is the time period during which one half of the substrate is consumed in a first-order reaction. Zero-order reactions do not have a half-life.


Many drugs are metabolized by enzymes in the liver. The drug concentration usually is so far below the Km of the metabolizing enzyme that it is metabolized with first-order kinetics. Consequently, the drug’s half-life can be determined by measuring its plasma concentrations at different points in time.


Alcohol metabolism is very different. The alcohol level is so high after a few drinks that the metabolizing enzyme, alcohol dehydrogenase, is almost completely saturated. Therefore a constant amount of about 10 g/hr is metabolized no matter how drunk a person is (Fig. 4.9).
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Figure 4.9 Blood alcohol concentration after the ingestion of 120 g of ethanol. The linear decrease of the alcohol level 2 to 10 hours after ingestion shows that a zero-order reaction limits the rate of alcohol metabolism. GI, Gastrointestinal.











Kcat/km predicts the enzyme activity at low substrate concentration


Vmax depends directly on the enzyme concentration [Equation (19)]: Doubling the enzyme concentration doubles the reaction rate. Therefore the amount of an enzyme is most conveniently determined by measuring its activity at saturating substrate concentrations. This is done in the clinical laboratory when serum enzymes are determined for diagnostic purposes (see Chapter 15). Enzyme activities can be expressed as international units (IUs). One IU is defined as the amount of enzyme that converts one micromole (μmol) of substrate to product per minute. Because Vmax depends on temperature, pH, and other factors, the incubation conditions must be specified.


However, most enzymes in the living cell work with substrate concentrations far below their Km. At these low substrate concentrations, the kcat/Kmratio is the best predictor of the actual reaction rate. This is apparent when Equations (18) and (25) are combined:
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When the substrate concentration is far below Km, almost all the enzyme molecules are present as free enzyme rather than enzyme-substrate complex, and
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Therefore Equation (35) yields
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It now is evident that at a very low substrate concentration, the reaction rate depends directly on enzyme concentration [ET], substrate concentration [S], and kcat/Km. Km is a measure of the affinity between enzyme and substrate, where a low Km signifies high affinity, and kcat is the turnover number of the enzyme.









Allosteric enzymes do not conform to michaelis-menten kinetics


Not all enzymes show simple Michaelis-Menten kinetics. For example, the sigmoidal relationship between substrate concentration and reaction rate (Fig. 4.10) is typical for an allosteric enzyme with more than one active site and positive cooperativity between the active sites. This curve would not yield a straight line in the Lineweaver-Burk plot.
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Figure 4.10 Plot of velocity (V) against substrate concentration ([S]) for an allosteric enzyme with positive cooperativity. Line A, Enzyme alone; line B, with positive allosteric effector; line C, with negative allosteric effector; Vmax, maximal reaction rate.




More important are the responses of enzymes to allosteric effectors. Positive allosteric effectors activate the enzyme, and negative allosteric effectors inhibit it. These regulatory molecules bind to sites other than the substrate-binding site. Their binding is noncovalent and therefore reversible. Allosteric effectors can change both the enzyme’s affinity for substrate (Km) and its turnover number (kcat).


Allosteric enzymes occupy strategic locations in metabolic pathways where they are regulated by substrates or products of the pathway.









Enzyme activity depends on temperature and ph


Chemical reactions are accelerated by increased temperature. The greater the activation energy ΔGact of the reaction, the greater is its temperature dependence. The Q10 value is the factor by which the reaction is accelerated when the temperature rises by 10°C. Most uncatalyzed reactions have Q10 values between 2 and 5. Enzymatic reactions have lower activation energies, so their Q10 values are most commonly between 1.7 and 2.5. At very high temperatures, however, enzymes become irreversibly denatured. This produces the relationship shown in Figure 4.11.
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Figure 4.11 Temperature dependence of a typical enzymatic reaction. V, Reaction rate.




The temperature dependence of enzymatic reactions contributes to the increased metabolic rate during fever. Presumably it also is responsible for the fact that humans cannot tolerate body temperatures higher than 42°C to 43°C. The most sensitive enzymes already start denaturing at temperatures above this limit. Protein denaturation is time dependent, and an enzyme that survives a temperature of 45°C for some minutes may well denature gradually during the course of several hours.


Hypothermia is far better tolerated than hyperthermia, and the temperature of the toes can fall close to 0°C on a cold winter day. This temperature blocks nerve conduction and muscle activity, but it does not kill the cells. However, the metabolic rate is depressed at low temperatures. Therefore a slowdown in the vital functions of the brain and heart limits a person’s tolerance of hypothermia. Also, a vicious cycle develops when decreased metabolism reduces heat production during hypothermia. Hypothermia makes cells and tissues more resistant to hypoxia because it decreases their oxygen consumption. Organs used for transplantation can be preserved in the cold for many hours.


Enzymes are also affected by pH (Fig. 4.12), mainly because the protonation state of catalytically active groups in the enzyme depends on pH. The pH values of tissues and body fluids are tightly regulated to satisfy the pH requirements of the enzymes. Deviations of more than 0.5 pH units from the normal blood pH of 7.4 are fatal. Inside the cells, typical pH values are 6.5 to 7.0 in the cytoplasm, 7.5 to 8.0 in the mitochondrial matrix, and 4.5 to 5.5 in the lysosomes.
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Figure 4.12 pH dependence of some enzymes. V, Reaction rate.











Different types of reversible enzyme inhibition can be distinguished kinetically


Competitive inhibitors are structurally related to the normal substrate of the enzyme. They compete with the substrate by binding noncovalently to the active site of the enzyme. For example, the mitochondrial enzyme succinate dehydrogenase (SDH) catalyzes the following reaction:
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CLINICAL EXAMPLE 4.1: Methanol Poisoning


Methanol is sometimes swallowed by people who read “methyl alcohol” on a label and mistake it for the real stuff. Methanol itself is not very obnoxious, but it is converted to the toxic metabolites formaldehyde and formic acid in the body (Fig. 4.13). Formaldehyde (otherwise used to preserve cadavers) is chemically reactive, and formic acid causes acidosis. Blindness and death can result from methanol poisoning.
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Figure 4.13 Role of alcohol dehydrogenase (ADH) in the metabolism of methanol and ethanol. The two substrates compete for the enzyme. Therefore ethanol inhibits the formation of toxic formaldehyde and formic acid from methanol.




The methanol-metabolizing enzyme alcohol dehydrogenase can metabolize ethanol as well. It actually has a higher affinity (lower Km) for ethanol than for methanol. However, whereas methanol metabolites accumulate in the body, ethanol metabolites are channeled smoothly into the major metabolic pathways where they are rapidly oxidized to carbon dioxide and water. They do not accumulate to toxic levels. When ethanol is administered to a patient with methanol poisoning, the formation of the toxic methanol metabolites is delayed because ethanol competes with methanol for the enzyme. The patient remains drunk but alive.





This reaction is competitively inhibited by malonate:





[image: image]




Malonate binds to the enzyme by the same electrostatic interactions as the substrate succinate, but it cannot be converted to a product.


In other cases, such as CLINICAL EXAMPLE 4.1, the inhibitor is converted to a product: Two alternative substrates can compete for the enzyme.


Competitive inhibitors do not change Vmax because inhibitor binding is reversible and can be overcome by high concentrations of the substrate. However, substrate binding to the enzyme is impaired, and the apparent binding affinity is decreased. Therefore competitive inhibitors increase Km (Fig. 4.14).





[image: image]

Figure 4.14 Effects of inhibitors on enzymatic reactions. Line A, Uninhibited enzyme; line B, competitive inhibitor; line C, noncompetitive inhibitor; line D, uncompetitive inhibitor. For noncompetitive inhibition, it is assumed that the inhibitor binds equally well to the free enzyme and the enzyme-substrate complex (see text for discussion). The kinetic effects of irreversible inhibitors resemble those shown for the noncompetitive inhibitor. A, Reaction rate (V) plotted against substrate concentration ([S]). B, In the Lineweaver-Burk plot, the effects of inhibitors on Vmax (maximal reaction rate) and Km (Michaelis constant) are reflected in changes of the intercepts with the y-axis and x-axis, respectively.




Noncompetitive inhibitors are structurally unrelated to the substrate and bind to the enzyme protein outside of the substrate-binding site. They do not necessarily prevent substrate binding, but they block enzymatic catalysis. If the noncompetitive inhibitor binds equally well to the free enzyme and the enzyme-substrate complex, it reduces Vmaxwithout changing Km.


Uncompetitive inhibitors bind only to the enzyme-substrate complex but not to the free enzyme. They thereby reduce both Kmand Vmax. Unlike competitive inhibitors, which are most effective at low substrate concentrations, uncompetitive inhibitors work best when the substrate concentration is high.









Covalent modification can inhibit enzymes irreversibly


Competitive, noncompetitive, and uncompetitive inhibitors bind noncovalently to the enzyme. Therefore their actions are reversible. Enzyme activity is fully restored when the inhibitor is removed, for example, by extensive dialysis in the test tube, or by metabolic inactivation or renal excretion in the body. Irreversible inhibitors, however, form a covalent bond with the enzyme. The chemically modified enzyme is dead, and this type of inhibition can be overcome only by the synthesis of new enzyme.









Enzymes are classified according to their reaction type


Enzymes are most commonly named after their substrate and their reaction type, with the suffix -ase at the end. For example, monoamine oxidase is an enzyme that oxidizes monoamines, and catechol-O-methyltransferase transfers a methyl group to an oxygen in a catechol.


According to their reaction type, enzymes are grouped into the following six classes.






Oxidoreductases


Oxidoreductases catalyze oxidation-reduction reactions: electron transfers, hydrogen transfers, and reactions involving molecular oxygen.


Dehydrogenases transfer hydrogen between a substrate and a coenzyme, most commonly NAD (nicotinamide adenine dinucleotide), NADP (nicotinamide adenine dinucleotide phosphate), FAD (flavin adenine dinucleotide), or FMN (flavin mononucleotide). These enzymes are named after the substrate from which hydrogen is removed. For example,





CLINICAL EXAMPLE 4.2: Organophosphate Poisoning


Organophosphates are irreversible inhibitors of acetylcholinesterase, the enzyme that degrades the neurotransmitter acetylcholine at cholinergic synapses (see Chapter 16). The organophosphate inactivates acetylcholinesterase by forming a covalent bond with an essential serine residue in its active site:





[image: image]




Without the free hydroxyl group of the serine side chain, the enzyme is completely inactive. Acetylcholine is no longer degraded and accumulates at cholinergic synapses in skeletal muscles, the autonomic nervous system, and the brain. Overstimulation of acetylcholine receptors leads to paralysis, autonomic dysfunction, and delirium.


Organophosphates have two uses. Those that are most potent on the acetylcholinesterase of insects are used as agricultural pesticides, and those that work best on the human enzyme are “nerve gases” that are of interest to terrorists and the military.
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Oxygenases use molecular oxygen as a substrate. Dioxygenases incorporate both oxygen atoms of O2 into their substrate; monooxygenases incorporate only one. Most hydroxylases are monooxygenases:





[image: image]





In this reaction, the second oxygen atom reacts with the reduced coenzyme NADPH to form water.


Peroxidases use hydrogen peroxide or an organic peroxide as one of their substrates. Catalase is technically a peroxidase. It degrades hydrogen peroxide to molecular oxygen and water:
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Transferases


Transferases transfer a group from one molecule to another.


Kinases transfer phosphate from ATP to a second substrate. They are named according to the substrate to which the phosphate is transferred. For example,
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Other examples of transferases include phosphorylases, which cleave bonds by the addition of inorganic phosphate; glycosyl transferases, which transfer a monosaccharide to an acceptor molecule; the transaminases (see Chapter 26); and the peptidyl transferase of the ribosome (see Chapter 6).









Hydrolases


Hydrolases cleave bonds by the addition of water. Digestive enzymes and lysosomal enzymes are hydrolases. Their names indicate the substrates or bonds on which they act. Examples include peptidases (proteases), esterases, lipases, and phosphatases. For example, acetylcholinesterase cleaves an ester bond in acetylcholine.


If the substrate is polymeric, the cleavage specificity of the enzyme is indicated by the prefixes endo- (from Greek meaning “inside”) and exo- (from Greek meaning “outside”). For example, an exopeptidase cleaves amino acids from the end of a polypeptide, and an endopeptidase cleaves internal peptide bonds.









Lyases


Lyases remove a group nonhydrolytically, forming a double bond. Examples are the dehydratases:
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and decarboxylases:
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Many lyase reactions proceed in the opposite direction, creating a new bond and obliterating a double bond in one of the substrates. These enzymes are called synthases.









Isomerases


Isomerases interconvert positional, geometric, or optical isomers.









Ligases


Ligases couple the hydrolysis of a phosphoanhydride bond to the formation of a bond. These enzymes are often called synthetases. For example, glutamine synthetase couples ATP hydrolysis to the formation of the amide bond in glutamine:





[image: image]




DNA ligase and aminoacyl–tRNA synthetases (see Chapter 6) are other examples. The biotin-dependent carboxylases (see Chapter 21) also are classified as ligases.












Enzymes stabilize the transition state


Enzymes can stabilize the transition state of the reaction by making its formation a more likely event, thereby increasing the entropy of the transition state, or by forming energetically favorable noncovalent interactions with the transition state, thereby reducing its enthalpy. Four mechanisms of enzymatic catalysis can be distinguished:



1. Entropy effect: The transition state can form only when the substrates of a two-substrate reaction collide in the correct geometric orientation and with sufficient energy to bring them to the transition state. The enzyme increases the likelihood of such an event by binding the two substrates to its active site in close proximity and in the correct geometric orientation.



2. Stabilization of the transition state: The enzyme forms favorable interactions with the transition state of the reaction, thereby reducing its free energy content and the free energy of activation.



3. General acid-base catalysis: Catalysis requires ionizable groups on the enzyme that accept or donate protons during the reaction. Enzymes can also provide electron pair donors and acceptors, which are known as Lewis bases and Lewis acids, respectively. Because the ionizable groups on the enzyme must be in the correct protonation state, general acid-base catalysis is the most important reason for the pH dependence of enzymatic reactions. For example, if the reaction requires a deprotonated glutamate side chain with a pK of 4.0 as a general base and a protonated histidine side chain with a pK of 6.0 as a general acid, only pH values between 4.0 and 6.0 will allow high reaction rates.



4. Covalent catalysis: The enzyme forms a transient covalent bond with the substrate. The serine proteases described in the following paragraph are the most prominent example.









Chymotrypsin forms a transient covalent bond during catalysis


The serine proteases cleave peptide bonds with the help of a serine residue in their active site. The pancreatic enzyme chymotrypsin is a typical example. When chymotrypsin binds its polypeptide substrate, it forms a hydrophobic interaction with an amino acid side chain in the substrate. The peptide bond that is formed by the carboxyl group of this hydrophobic amino acid is targeted for cleavage. This peptide bond is placed right on the hydroxyl group of the catalytic serine residue in the active site, Ser-195 (Fig. 4.15).





[image: image]

Figure 4.15 Catalytic mechanism of chymotrypsin, a typical serine protease.




In addition to Ser-195, catalysis requires a deprotonated histidine residue, His-57, and a deprotonated aspartate residue, Asp-102. The numbers indicate the positions of the amino acids in the polypeptide, counting from the N-terminus. Although widely separated in the amino acid sequence of the protein, these three amino acids are hydrogen bonded to each other in the active site of the enzyme.


Chymotrypsin cleaves the bond in a sequence of two reactions. In the first reaction, the peptide bond in the substrate is cleaved, and one of the fragments binds covalently to the serine side chain to form an acyl-enzyme intermediate. In the second reaction, this intermediate is cleaved hydrolytically.


The acyl-enzyme intermediate does not qualify as a transition state because it occupies a valley in the free energy graph, rather than a peak (Fig. 4.16). The transition states in both reactions are negatively charged tetrahedral intermediates that are stabilized by hydrogen bonds with two N-H groups in the main chain of the enzyme.





[image: image]

Figure 4.16 Energy profile for the reaction of a serine protease. G, Free energy.




To form the negatively charged transition state, a proton must be transferred from the hydroxyl group of Ser-195 to His-57. Asp-102 remains negatively charged throughout the catalytic cycle. It forms a salt bond with the protonated but not the deprotonated form of His-57, thereby stabilizing the protonated form and increasing the proton affinity of the histidine.


The serine proteases are a large family of enzymes that includes the digestive enzymes trypsin, chymotrypsin, and elastase, and blood clotting factors including thrombin. They all use the same catalytic mechanism but have different substrate specificities. Chymotrypsin cleaves peptide bonds on the carboxyl side of large hydrophobic amino acids. Trypsin contains a negatively charged aspartate residue in its substrate-binding pocket and therefore prefers peptide bonds formed by positively charged amino acids. Elastase cleaves bonds formed by glycine. Thrombin is highly selective for a small number of plasma proteins, including fibrinogen.









Summary


Chemical reactions proceed to an equilibrium state at which the rates of the forward and backward reactions are equal, driven by the free energy change that accompanies the reaction. Enzymes cannot change the equilibrium of the reaction. They can only increase the reaction rate.


Enzymatic catalysis starts with the formation of a noncovalent enzyme-substrate complex. While bound to the enzyme, the substrate is converted to an unstable transition state that decomposes almost immediately to form either substrate or product. The enzyme accelerates the reaction by making the formation of the transition state more likely and by stabilizing the transition state energetically.


The Michaelis constant Km is the substrate concentration at which the reaction rate is half-maximal. It is determined mainly by the binding affinity between enzyme and substrate. At substrate concentrations far lower than Km, the reaction rate increases almost linearly with increasing substrate concentration. The reaction shows first-order kinetics. However, at substrate concentrations far higher than Km, the reaction rate can hardly be increased by further increases of the substrate concentration because most of the enzyme is already present as enzyme-substrate complex. The reaction shows zero-order kinetics.


The rate of enzymatic reactions increases with increasing temperature, typically with a doubling of the reaction rate for a temperature increase of about 10°C. The pH also is important because most enzymes use ionizable groups for catalysis. These groups must be in the proper protonation state.


Many drugs and toxins act as specific enzyme inhibitors. Some bind to the enzyme reversibly, through noncovalent interactions. Others form a covalent bond with the enzyme, thereby destroying its catalytic activity permanently.





Questions






1. During a drug screening program, you find a chemical that decreases the activity of the enzyme monoamine oxidase. A fixed dose of the chemical reduces the catalytic activity of the enzyme by the same percentage at all substrate concentrations, with a decrease in Vmax. Km is unaffected. This inhibitor is


A. Definitely a competitive inhibitor



B. Definitely a noncompetitive inhibitor



C. Definitely an irreversible inhibitor



D. Either a competitive or an irreversible inhibitor



E. Either a noncompetitive or an irreversible inhibitor






2. The irreversible enzymatic reaction
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is inhibited by high concentrations of its own product citrate. This product inhibition can be overcome, and a normal Vmax can be restored, when the oxaloacetate concentration is raised but not when the acetyl-CoA concentration is raised. This observation suggests that citrate is



A. An irreversible inhibitor reacting with the oxaloacetate binding site of the enzyme



B. A competitive inhibitor binding to the acetyl-CoA binding site of the enzyme



C. A competitive inhibitor binding to the oxaloacetate binding site of the enzyme



D. A noncompetitive inhibitor binding to the acetyl-CoA binding site of the enzyme



E. A noncompetitive inhibitor binding to the oxaloacetate binding site of the enzyme






3. An enzymatic reaction works best at pH values between 6 and 8. This is compatible with the assumption that the reaction mechanism requires two ionizable amino acid side chains in the active site of the enzyme, possibly


A. Protonated glutamate and deprotonated aspartate



B. Protonated histidine and deprotonated lysine



C. Protonated glutamate and deprotonated histidine



D. Protonated arginine and deprotonated lysine



E. Protonated cysteine and deprotonated histidine






4. A biotechnology company has cloned four different forms of the enzyme money synthetase, which catalyzes the reaction
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The Km values of these enzymes for garbage and the Vmax values are as follows:



Enzyme 1: Km = 0.1 mmol/L, Vmax = 5.0 mmol/min

Enzyme 2: Km = 0.3 mmol/L, Vmax = 2.0 mmol/min





Enzyme 3: Km = 1.0 mmol/L, Vmax = 5.0 mmol/min




Enzyme 4: Km = 3.0 mmol/L, Vmax = 20 mmol/min



Which of the four enzymes is fastest at a saturating ATP concentration and a garbage concentration of 0.01 mmol/L?






A. Enzyme 1



B. Enzyme 2



C. Enzyme 3



D. Enzyme 4






5. Which of the four forms of money synthetase is fastest at a saturating ATP concentration and a garbage concentration of 10 mmol/L?


A. Enzyme 1



B. Enzyme 2



C. Enzyme 3



D. Enzyme 4






6. If the money synthetase reaction is freely reversible, which of the following manipulations would be best to favor money formation over garbage formation and to increase the [Money]/[Garbage] ratio at equilibrium?


A. Decreasing the pH value



B. Adding another enzyme that destroys ADP



C. Using a very low concentration of ATP



D. Increasing the temperature



E. Adding a noncompetitive inhibitor



















Chapter 5 Coenzymes


Coenzymes are nonpolypeptide components that participate in enzymatic reactions. They are required because only a limited number of functional groups are available in polypeptides. For example, there are no groups that can easily transfer hydrogen or electrons and none that can bind molecular oxygen, and there are no energy-rich bonds. Whenever such structural features are required for enzymatic catalysis, a coenzyme is needed. Each coenzyme is concerned with a specific reaction type, such as hydrogen transfer, methylation, or carboxylation. Thus, test-savvy students can predict the coenzyme of a reaction from the reaction type.


There are two types of coenzymes. A cosubstrate is promiscuous, associating with the enzyme only for the purpose of the reaction. It becomes chemically modified in the reaction and then diffuses away for a next liaison with another enzyme. A true prosthetic group, in contrast, is monogamous. It is permanently bonded to the active site of the enzyme, either covalently or noncovalently, and stays with the enzyme after completion of the reaction.


Some coenzymes can be synthesized in the body de novo (“from scratch”), but others contain a vitamin or are vitamins themselves. Reactions that depend on such a coenzyme are blocked when the vitamin is deficient in the diet.






Adenosine triphosphate has two energy-rich bonds


Metabolic energy is generated by the oxidation of carbohydrate, fat, protein, and alcohol. This energy must be harnessed to drive endergonic chemical reactions, membrane transport, and muscle contraction. Nature has solved this task with a simple trick: Exergonic reactions are used for the synthesis of the energy-rich compound adenosine triphosphate (ATP), and the chemical bond energy of ATP drives the endergonic processes. In this sense, ATP serves as the energetic currency of the cell (Fig. 5.1).





[image: image]

Figure 5.1 The function of adenosine triphosphate (ATP) as the “energetic currency” of the cell. ADP, Adenosine diphosphate; Pi, inorganic phosphate.




ATP is a ribonucleotide, one of the precursors for ribonucleic acid (RNA) synthesis. It does not contain a vitamin, and the whole molecule can be synthesized from simple precursors (see Chapter 28). Its most important part is a string of three phosphate residues, bound to carbon 5 of ribose and complexed with a magnesium ion (Figs. 5.2 and 5.3).





[image: image]

Figure 5.2 Sequential hydrolysis of ATP. ΔG0′, Standard free energy change; Pi, inorganic phosphate.
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Figure 5.3 Magnesium complexes formed by adenosine triphosphate (ATP). Complexes are the actual substrates of ATP-dependent enzymes.




The first phosphate is linked to ribose by a phosphate ester bond, but the two bonds between the phosphates are energy-rich phosphoanhydride bonds. The free energy changes shown in Figure 5.2 apply to standard conditions. The actual free energy change for the hydrolysis of ATP to ADP + inorganic phosphate (Pi) depends on pH, ionic strength, and the concentrations of ATP, ADP, phosphate, and magnesium. It is close to −11 or −12 kcal/mol under “real-cell” conditions. ATP can be hydrolyzed to ADP and phosphate:
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or to adenosine monophosphate (AMP) and inorganic pyrophosphate (PPi):
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The PPi formed in the second reaction still contains an energy-rich phosphoanhydride bond:
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PPi is rapidly hydrolyzed by pyrophosphatases in the cell. Because this removes PPi from the reaction equilibrium, the cleavage of ATP to AMP + PPi releases far more energy than the cleavage to ADP + phosphate.









ATP is the phosphate donor in phosphorylation reactions


Table 5.1 lists the most important uses of ATP. Only phosphorylation reactions and the coupling to endergonic reactions are considered here.


Table 5.1 Uses of ATP






	Process

	Function






	RNA synthesis

	Precursor






	Phosphorylation

	Phosphate donor






	Coupling to endergonic reactions

	Energy source






	Active membrane transport

	Energy source






	Muscle contraction

	Energy source






	Ciliary motion

	Energy source







RNA, Ribonucleic acid.


Phosphorylation is the covalent attachment of a phosphate group to a substrate, most commonly by the formation of a phosphate ester bond. Assume that the cell is to convert glucose to glucose-6-phosphate, a simple phosphate ester:
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One possibility is to synthesize glucose-6-phosphate by reacting free glucose with Pi:
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The enzyme glucose-6-phosphatase really exists, but the ΔG0′ of the reaction is +3.3 kcal/mol. This translates into an equilibrium constant (Kequ) of about 4 × 10−3 L/mol. At an intracellular phosphate concentration of 10 mmol/L, there would be 25,000 molecules of glucose for each molecule of glucose-6-phosphate!


Things look better when ATP supplies the phosphate group:
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The ΔG0′ of this reaction is −4.0 kcal/mol. The difference in the ΔG0′ values of the hexokinase and glucose-6-phosphatase reactions (7.3 kcal/mol) corresponds to the free energy content of the phosphoanhydride bond in ATP. Now the equilibrium constant is about 103. When the cellular ATP concentration is 10 times higher than the ADP concentration, there are 10,000 molecules of glucose-6-phosphate for each molecule of glucose at equilibrium!









ATP hydrolysis drives endergonic reactions


Phosphorylations are not the only reactions driven in the desired direction by ATP. For example, the following reaction takes place in the mitochondria:
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The ΔG0′ of this reaction is −8.5 kcal/mol. Therefore it is essentially irreversible in the direction of citrate formation. In the cytoplasm, however, the enzyme ATP-citrate lyase couples this reaction to ATP synthesis:
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The ΔG0′ of this reaction is −1.2 kcal/mol, which is the sum of the free energy changes for citrate formation (−8.5 kcal/mol) and ATP synthesis (+7.3 kcal/mol). The reaction now is reversible and can, under suitable conditions, make oxaloacetate from citrate.









Cells always try to maintain a high energy charge


ATP can reach a cellular concentration of 5 mmol/L (2.5 g/L, or 0.25%) in some tissues, but the life expectancy of an ATP molecule is only about 2 minutes. Although the total body content of ATP is only about 100 g, 60 to 70 kg is produced and consumed every day.


In the cell, the enzyme adenylate kinase (adenylate = AMP) maintains the three adenine nucleotides in equilibrium:
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The energy status of the cell can be described either as the [ATP]/[ADP] ratio or as the energy charge:
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The energy charge can vary between 0 and 1. Healthy cells always maintain a high energy charge, with [ATP]/[ADP] ratios of 5 to 200 in different cell types. The energy charge drops when either ATP synthesis is impaired, as in hypoxia (oxygen deficiency), or ATP consumption is increased, as in contracting muscle. When the energy charge approaches zero, the cell is dead.


The nucleotides guanosine triphosphate (GTP), uridine triphosphate (UTP), and cytidine triphosphate (CTP) are present at lower concentrations than ATP. GTP rather than ATP is used as an energy source in some enzymatic reactions. UTP activates monosaccharides for the synthesis of complex carbohydrates (see Chapter 14), and CTP plays a similar role in phospholipid synthesis (see Chapter 24). The monophosphate, diphosphate, and triphosphate forms are in equilibrium through kinase reactions:
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and
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Dehydrogenase reactions require specialized coenzymes


In redox reactions, electrons are transferred from one substrate to another, either alone or along with protons.


The cosubstrates nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP) accept and donate hydrogen (electron + proton) in dehydrogenase reactions. Nicotinamide, which is derived from the vitamin niacin (see Chapter 29), is the hydrogen-carrying part of these coenzymes (Fig. 5.4). The additional phosphate in NADP does not affect the hydrogen transfer potential, but it is a recognition site for enzymes. Most dehydrogenases use either NAD alone or NADP alone.





[image: image]

Figure 5.4 Structures of nicotinamide adenine dinucleotide (NAD+) and nicotinamide adenine dinucleotide phosphate (NADP+). A, Structures of the coenzymes. For NAD+, R = —H; for NADP+, R = —PO32−. B, The reversible hydrogenation of the nicotinamide portion in NAD and NADP.




Both coenzymes acquire two electrons and a proton during catabolic reactions, but NADH feeds its electrons into the respiratory chain of the mitochondria, and NADPH feeds them into biosynthetic pathways. Therefore NADH is required for the synthesis of ATP, and NADPH is required for the synthesis of reduced products, such as fatty acids and cholesterol, from more oxidized precursors (Fig. 5.5).





[image: image]

Figure 5.5 Metabolic functions of nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP).




Some dehydrogenases use flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN) instead of NAD or NADP (Fig. 5.6). Unlike NAD and NADP, the flavin coenzymes are tightly bound to the apoprotein either noncovalently or by a covalent bond. These proteins are called flavoproteins (from Latin flavus meaning “yellow”) because the oxidized flavin coenzymes are yellow.





[image: image]

Figure 5.6 Flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) as hydrogen carriers. A, Structures of the coenzymes. The structure formed from the dimethyl isoalloxazine ring and ribitol is called riboflavin (vitamin B2). B, Hydrogen transfer by the dimethyl isoalloxazine ring of FMN and FAD.











Coenzyme a activates organic acids


Coenzyme A(CoA) is a soluble carrier of acyl groups (Fig. 5.7). The business end of the molecule is a sulfhydryl group, and its structure is abbreviated as CoA-SH. The sulfhydryl group forms energy-rich thioester bonds with many organic acids (e.g., acetic acid):
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Figure 5.7 Structure of coenzyme A. Pantothenic acid is a vitamin, and cysteamine is derived from the amino acid cysteine.
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and fatty acids:





[image: image]




The thioester bonds have free energy contents between 7 and 8 kcal/mol. In biosynthetic reactions, the acid is transferred from CoA to an acceptor molecule. For example, this occurs during acetylation reactions (the “A” in “coenzyme A” stands for “acetylation”) and in the synthesis of triglycerides (see Chapter 23).









S-Adenosyl methionine donates methyl groups


Methylation reactions transfer a methyl group (—CH3) to an acceptor molecule. The donor of the methyl group is in most cases S-adenosyl methionine (SAM) (Fig. 5.8), which can be synthesized from ATP and the amino acid methionine. The methylation reaction converts SAM to S-adenosyl homocysteine (SAH), which can be converted back to SAM in a sequence of reactions (see Chapter 26). Like CoA, SAM is a cosubstrate rather than a prosthetic group.





[image: image]

Figure 5.8 S-Adenosyl methionine (SAM) as a methyl group donor. A, Structure of the coenzyme. B, Formation of a methoxyl group in a SAM-dependent methylation.




Several other coenzymes participate in enzymatic reactions. These coenzymes, summarized in Table 5.2, will be discussed in the context of the metabolic reactions in which they participate.




Table 5.2 Summary of the Most Important Coenzymes
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Many enzymes require a metal ion


Some enzymes contain a transition metal such as iron, zinc, copper, or manganese in their active site. These metals can easily switch between different oxidation states and therefore are suitable for electron transfer reactions:





[image: image]




In other cases the metal acts as a Lewis acid, or electron-pair acceptor. This occurs in many oxygenase reactions, when ferrous iron (Fe2+) or monovalent copper (Cu+) binds molecular oxygen. Another example is the carbonic anhydrase reaction shown in Figure 5.9. In this case, the electron density on the oxygen of a water molecule is increased by binding to a zinc ion. This makes the water more reactive for a nucleophilic attack on the carbon of CO2.





[image: image]

Figure 5.9 Catalytic mechanism of carbonic anhydrase. This enzyme catalyzes the reversible reaction CO2 + H2O [image: image] H2CO3.











Summary


Some coenzymes are tightly bound to the enzyme as prosthetic groups, whereas others are soluble cosubstrates. They are required because they offer structural features and chemical reactivities that are not present in simple polypeptides. Many coenzymes are specialized for different reaction types. The more important coenzymes include ATP for energy-dependent reactions; NAD, NADP, FAD, and FMN for hydrogen transfers; coenzyme A for activation of organic acids; and SAM for methylation reactions. Some enzymes catalyze their reaction with the help of a heavy metal in their active site.





Questions






1. Protein kinases are enzymes that phosphorylate amino acid side chains of proteins in ATP-dependent reactions. A protein kinase can be classified as


A. Oxidoreductase



B. Hydrolase



C. Isomerase



D. Lyase



E. Transferase






2. Cyanide is a potent inhibitor of cell respiration that prevents the oxidation of all nutrients. Therefore cyanide will definitely reduce the cellular concentration of


A. Heme groups



B. FADH2




C. CoA



D. ATP



E. SAM






3. The reaction
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has a standard free energy change ΔG0′ of −0.8 kcal/mol. If the free energy content of a phosphoanhydride bond in GTP is 7.3 kcal/mol, what would be the standard free energy change of following reaction?
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A. −8.1 kcal/mol



B. +6.5 kcal/mol



C. +8.1 kcal/mol



D. −6.5 kcal/mol



E. +0.8 kcal/mol
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“The vitamins are discussed in Chapter 29.
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