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CHAPTER 1


Biochemistry




Learning Objectives


In this chapter, you will learn:


∘Basic chemistry—atomic structure


∘Bonding


∘Hydrophobic and hydrophilic


∘Characteristics of water


∘pH


∘Organic compounds





To understand about living things, you must understand some basic biochemistry. Biochemistry affects every aspect of our lives every day. Sweating cools the skin because of strong hydrogen bonding between water molecules. Your body maintains your blood at one critical pH because of the bicarbonate buffering system. To prevent heart attacks, you must begin with an understanding about the structure of fatty acids. Mad cow disease is caused by a misfolded protein. Here is a review of basic biochemistry.


Basic Chemistry—Atomic Structure


The atom consists of subatomic particles: protons, neutrons, and electrons. Table 1.1 compares these particles.


TABLE 1.1 Subatomic Particles


[image: Images]


1.An atom in the elemental state always has a neutral charge because the number of protons (+) equals the number of electrons (–).


2.Electron configuration is important because it determines how a particular atom will react with atoms of other elements.


3.Electrons in the lowest available energy level are said to be in the ground state.


4.When an atom absorbs energy, its electrons move to a higher energy level. The atom is then said to be in the excited state. For example, during photosynthesis, chlorophyll molecules absorb light energy, which boosts electrons to higher energy levels. These excited electrons provide the energy to make sugar as they return to their ground state and release the energy they previously absorbed.




CAREFUL


Don’t confuse isotope with isomer.





Isotopes are atoms of one element that vary only in the number of neutrons in the nucleus. Chemically, all isotopes of the same element are identical because they have the same number of electrons. For example, carbon-12 and carbon-14 are isotopes of each other and are chemically identical. They both possess 6 protons and 6 electrons. However, carbon-12 has 6 neutrons, while carbon-14 has 8 neutrons. Some isotopes, like carbon-14, are radioactive (called radioisotopes). The nuclei of radioisotopes emit particles and decay at a known rate called a half-life. Knowing the half-life enables us to measure the age of fossils or to estimate the age of Earth.


Radioisotopes are useful in other ways. Besides measuring the age of fossils, they can be used in medical diagnosis, treatment, and research. For example: radioactive iodine (I-131) can be used both to diagnose and to treat certain diseases of the thyroid gland. In addition, radioactive carbon can be used as a tracer, incorporated into molecules of carbon dioxide, and used to track metabolic pathways.


Bonding


A bond is formed when two atomic nuclei attract the same electron(s). Energy is released when a bond is formed. Energy must be supplied or absorbed to break a bond. Atoms bond to achieve stability, to acquire a completed outer shell. There are two main types of bonds, ionic and covalent.


Ionic bonds form when electrons are transferred. An atom that gains electrons becomes an anion, which stands for a negative ion. An atom that loses an electron becomes a cation, a positive ion. Ions such as Cl–, Na+, and Ca2+ are necessary for normal cell, tissue, and organ function.


Covalent bonds form when atoms share electrons. The resulting structure is called a molecule. A single covalent bond (–) results when two atoms share one pair of electrons. A double covalent bond (=) results when two atoms share two pairs of electrons, and a triple covalent bond (≡) results when two atoms share three pairs of electrons.


There are two types of covalent bonds, nonpolar and polar. This classification is based on whether electrons are shared equally or unequally. See Table 1.2.


TABLE 1.2 The Two Types of Covalent Bonds
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Intermolecular Attractions


Not only do atoms within molecules attract each other, but there are also attractions between molecules. There is a variety of these intermolecular attractions. You should know three.


Polar-Polar Attraction


When two or more atoms form a bond, the entire resulting molecule is either polar (unbalanced) or nonpolar (balanced). There are stronger attractions between polar molecules than between nonpolar molecules. The negative end of one polar molecule attracts the positive end of another polar molecule. H2O is a highly polar (unbalanced) molecule. It looks like this:


[image: Images]


Hydrogen Bonding


Hydrogen bonding is very important to living things. Hydrogen bonding:


•Keeps the two strands of DNA bonded together, forming a double helix.


•Causes water molecules to stick together and is responsible for many special characteristics about water. See Figure 1.1.
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FIGURE 1.1 Hydrogen bonding



Nonpolar Molecules



Only the weakest attractions (van der Waals) exist between nonpolar molecules. An example of a nonpolar molecule is CO2. It is linear and balanced. It looks like this:


[image: Images]


Hydrophobic and Hydrophilic


Hydrophobic means “water hating” or “repelled by water.” Hydrophilic means “water loving” or “attracted to water.” Substances that are polar will dissolve in water, while substances that are nonpolar will not dissolve in water. Remember: like dissolves like. You are familiar with an open can of soda that quickly loses its fizziness. This is because carbon dioxide, a nonpolar molecule that gives soda pop its fizziness, does not dissolve in water, which is polar. So, gas escapes when you open a can of soda pop and it goes flat.


Lipids, which are nonpolar, are hydrophobic and do not dissolve in water, which is why oil and vinegar salad dressing separates upon standing. Since the plasma membrane is a phospholipid bilayer, only nonpolar substances can readily dissolve through the plasma membrane. Large polar molecules cannot diffuse across a plasma membrane. They can only travel across a membrane through special hydrophilic (protein) channels.


Characteristics of Water


Water is asymmetrical and very polar. It also has strong intermolecular attractions. In addition to polar attractions, water exhibits strong hydrogen bonding, as shown in Figures 1.1 and 1.2. Together, these two forces are responsible for the special characteristics of water that affect life on Earth.
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FIGURE 1.2 Water molecule is polar


1.Water has a high specific heat. Specific heat is the amount of heat that must be absorbed in order for 1 gram of a substance to change its temperature 1° Celsius. This means that large bodies of water, like oceans, absorb a lot of heat and resist changes in temperature. As a result, they provide a stable environment for the organisms that live in them. Also, coastal areas exhibit relatively little temperature change because the oceans moderate their climates.


2.Water has a high heat of vaporization. This means that a relatively great amount of heat is needed to evaporate water. As a result, evaporation of sweat significantly cools the body surface.


3.Water has high adhesion properties. Adhesion is the clinging of one substance to another, and it plays an important role in plant survival. Forces of adhesion contribute to capillary action, which helps water flow up from the roots of a plant to the leaves.


4.Water is the universal solvent. Because water is a highly polar molecule, it dissolves all polar and ionic substances.


5.Water exhibits strong cohesion tension. This means that molecules of water tend to stick to each other. This results in several biological phenomena. Water moves up a tall tree from the roots to the leaves without the expenditure of energy by what is referred to as evapotranspiration. It also results in surface tension that allows insects to walk on water without breaking the surface.


6.Ice floats because it is less dense than water. In a deep body of water, floating ice insulates the liquid water below it, allowing life to exist beneath the frozen surface during cold seasons. The fact that ice covers the surface of water in a lake in the cold months and melts in the spring results in a stratification of the lake during the winter and considerable mixing in the spring. In the spring, surface ice melts, becomes denser water, and sinks to the bottom of the lake, causing water to circulate throughout the lake. Oxygen from the surface is returned to the depths, and nutrients released by the activities of bottom-dwelling bacteria are carried to the upper layers of the lake. This cycling of the nutrients in the lake is known as the spring overturn and is necessary to the health of a lake.




THIS IS TRICKY


As the concentration of H+ increases, the pH decreases.





pH


pH is a measure of acidity and alkalinity of a solution. It is the negative logarithm of the hydrogen ion concentration in moles per liter. Anything with a pH of less than 7 is acidic, and anything with a pH value greater than 7 is alkaline or basic. A substance with a pH of 7 is neutral; see Figure 1.3.
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FIGURE 1.3


As shown in Table 1.3, a solution of pH 1 is 10 times more acidic than a solution with a pH of 2 and is 100 times more acidic than a solution with a pH of 3. It is 1,000 times more acidic than a solution with a pH of 4.


TABLE 1.3 pH Compared with Molarity








	pH


	Concentration of H+ Ions in Moles per Liter











	1


	1 × 10–1 = 0.1 molar







	2


	1 × 10–2 = 0.01 molar







	3


	1 × 10–3 = 0.001 molar







	4


	1 × 10–4 = 0.000 1 molar







	7


	1 × 10–7 = 0.000 000 1 molar







	13


	1 × 10–13 = 0.000 000 000 000 1 molar










The pH of some common substances is shown in Table 1.4.


TABLE 1.4 pH Values








	Substance


	pH











	Stomach acid


	2.0







	Orange juice


	3.5







	Carbonated drinks


	3.0







	Acid rain


	<5.6







	Milk


	6.5







	Human blood


	7.4







	Seawater


	8.5










The internal pH of most living cells is close to 7. Even a slight change can be harmful.


Biological systems regulate their pH through the presence of buffers, substances that resist changes in pH. A buffer works by absorbing excess hydrogen ions or donating hydrogen ions when there are too few. The most important buffer in human blood is the bicarbonate ion (HCO3–).


Acid rain, which results from certain pollutants in the air (like SO2, SO4, and CO2), has caused damage and destruction to many lakes and stone architecture worldwide.


Organic Compounds


Organic compounds are compounds that contain carbon. There are four classes of organic compounds: carbohydrates, lipids, proteins, and nucleic acids.



Carbohydrates



Carbohydrates consist of only three elements: carbon, hydrogen, and oxygen.


•Carbohydrates supply quick energy.


•One gram of any carbohydrate will release 4 calories of heat when burned.


•Dietary sources include rice, pasta, bread, and cookies.


•There are three classes of carbohydrates: monosaccharides, disaccharides, and polysaccharides.


Monosaccharides


Monosaccharides have a chemical formula of CnH2nOn. A common formula is C6H12O6. Examples are glucose, galactose, and fructose, which are all isomers of each other. Isomers are compounds with the same molecular formula but with different structures. Therefore, isomers have different physical and chemical properties.


The structural formula of glucose is shown in Figure 1.4.
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FIGURE 1.4 Monosaccharide—Glucose


Disaccharides


All disaccharides have the chemical formula C12H22O11. They consist of two monosaccharides joined by a process known as dehydration synthesis or condensation.


The structure of the disaccharide, maltose, is shown in Figure 1.5.
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FIGURE 1.5 Disaccharide—Maltose


Table 1.5 shows three dehydration synthesis reactions of monosaccharides. They produce three disaccharides—maltose, lactose, and sucrose—as well as the by-product water.


TABLE 1.5 Dehydration Synthesis of Monosaccharides
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Hydrolysis is the opposite of dehydration synthesis. It is the breakdown of a compound with the addition of water. It is what occurs during digestion and is the reverse of dehydration synthesis.


[image: Images]


Polysaccharides


Polysaccharides are polymers of carbohydrates. They form as many monosaccharides are joined together by dehydration synthesis. Table 1.6 shows four important polysaccharides you should know: cellulose, starch, chitin, and glycogen.


TABLE 1.6 Polysaccharides








	Found in Plants











	Cellulose


	Starch







	Makes up plant cell walls


	The way plants store carbohydrates







	Found in Animals







	Chitin


	Glycogen







	Makes up the exoskeleton in arthropods and cell walls in fungus


	“Animal starch”; in humans, this is stored in the liver and skeletal muscle










Lipids


Lipids are a diverse class of organic compounds that include fats, oils, and waxes. Structurally, most lipids consist of one glycerol and three fatty acids, as shown in Figure 1.6.
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FIGURE 1.6


Glycerol is an alcohol whose structure is shown in Figure 1.7.
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FIGURE 1.7 Glycerol


A fatty acid is a hydrocarbon chain with a carboxyl group at one end. Fatty acids exist in two varieties: saturated and unsaturated. These are shown in Figure 1.8.
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FIGURE 1.8 Fatty acids


Saturated Fats


Saturated fats, with a few exceptions, come from animals. They are solid at room temperature and, when ingested in large quantities, are linked to heart disease. An example of a saturated fat is butter. Saturated fatty acids contain only single bonds between carbon atoms.



Unsaturated Fats



Unsaturated fatty acids are extracted from plants, are liquid at room temperature, and are considered the “good dietary fats.” Unsaturated fatty acids have at least one double bond between carbon atoms in the hydrocarbon chain. Thus, they have fewer hydrogen atoms.


Lipid Functions


Lipids serve many functions.


1.Energy storage: 1 gram of any lipid will release 9 calories of heat per gram when burned in a calorimeter.


2.Structural: Phospholipids are a major component of the cell membrane.


3.Endocrine: Some lipids are hormones.


Proteins


•Proteins are polymers or polypeptides consisting of repeating units called amino acids joined by peptide bonds.


•Amino acids consist of a carboxyl group, an amine group, and a variable (R), all attached to a central carbon atom. The R group, or variable, differs with each amino acid.


•Proteins are complex macromolecules and are responsible for growth and repair.


•Dietary sources of proteins include fish, poultry, meat, and certain plants called legumes, like beans and peanuts.


•One gram of protein burned in a calorimeter releases 4 calories of heat.


•Proteins consist of the elements S, P, C, O, H, and N.


•With only 20 different amino acids, cells can build thousands of different proteins.


•Enzymes are examples of proteins.


•Figure 1.9 is a sketch of two amino acids combining to form a dipeptide. A dipeptide is a molecule consisting of two amino acids connected by one peptide bond.
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FIGURE 1.9


Protein Structure


Proteins have many functions in living things. They act as enzymes, membrane channels, and hormones, to name a few. In every case, the function of the protein depends on its shape. The shape of a protein, in turn, is the result of four levels of structure: primary, secondary, tertiary, and quaternary.


Primary structure results from the sequence of amino acids that make up the protein chain.


Secondary structure results from the hydrogen bonding within the molecule. The helical nature of many proteins is the result of hydrogen bonding.




REMEMBER


Tertiary structure is directly responsible for the shape of a protein and how it functions.
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Tertiary structure is the intricate, three-dimensional shape or conformation of a protein and most directly determines the way it functions and its specificity. Enzymes denature (lose their natural shape) in high temperatures or adverse pH. When a protein/enzyme denatures, it cannot function because its tertiary structure has been altered beyond repair.


Quaternary structure refers to proteins that consist of more than one polypeptide chain. Hemoglobin, for example, exhibits quaternary structure because it consists of four chains; see Figure 1.10.
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FIGURE 1.10 Protein structure


Enzymes


•Enzymes are large proteins.


•Enzymes serve to speed up reactions by lowering the energy of activation (Ea), which is the amount of energy needed to begin a reaction.


•The chemical that an enzyme works on is called a substrate.


•Enzymes are specific. In Figure 1.11, only substrate A will bind to the enzyme.


•The induced-fit model describes how enzymes work. As the substrate enters the active site, it induces the enzyme to alter its shape slightly so the substrate fits better. (The old “lock and key” model was abandoned because it implied that the enzyme never changes.)




INTERESTING FACT


Some people cannot digest dairy products because they lack the enzyme lactase.
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FIGURE 1.11


•Enzymes are not degraded during a reaction and are reused.


•Enzymes are named after their substrate, and the name ends in the suffix “ase.” For example, sucrase is the name of the enzyme that hydrolyzes sucrose, and lactase is the name of the enzyme that hydrolyzes lactose.


•Enzymes function with the assistance from cofactors (minerals) or coenzymes (vitamins).


•The efficiency of the enzyme is affected by temperature and pH. Average human body temperature is 37°C, near optimal for human enzymes. If body temperature rises above 40°C, the enzymes will stop functioning, as shown in Figure 1.12.


[image: Images]


FIGURE 1.12


•As enzymes denature, they lose their unique shape and their ability to function.


•Gastric enzymes become active at low pH, when mixed with stomach acid. In contrast, intestinal amylase works best in an alkaline environment; see Figure 1.13.
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FIGURE 1.13


Prions—Proteins That Cause Disease


Prions are infectious proteins that cause several brain diseases, including mad cow disease. A prion is a misfolded version of a protein normally found in the brains of mammals. If a prion gets into a normal brain, it causes all the normal proteins to misfold in the same way.



Nucleic Acids



The nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). They carry hereditary information. (See Figure 1.14.)


•They are polymers (chains of repeating units) of nucleotides.


•A single nucleotide consists of a phosphate, a 5-carbon sugar (either deoxyribose or ribose), and a nitrogenous base.


•In DNA, the nitrogen bases are adenine, cytosine, guanine, and thymine.


•In RNA, the bases are adenine, cytosine, guanine, and uracil, in place of thymine.


•Adenine and guanine are purines.


•Cytosine, thymine, and uracil are pyrimidines.


[image: Images]


FIGURE 1.14 DNA molecule
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CHAPTER 2


The Cell




Learning Objectives


In this chapter, you will learn:


∘Cell theory


∘Structure of plant and animal cells


∘Transport into and out of cells


∘Life functions


∘The metric system and measuring


∘Tools and techniques to study cells





In seventeenth-century Holland, Anton van Leeuwenhoek, using lenses he crafted, was the first person to observe and document living cells. In about 1665, Robert Hooke developed a microscope that enabled him to study cork tissue. He coined the term “cell.” The German botanist Matthias Schleiden (1838), studying living tissue using these newly developed microscopes, concluded that all plants are made of cells. About the same time, Theodor Schwann (1839) stated that all animals are made of cells. Rudolf Virchow (1855), a pathologist studying cell reproduction, summarized his years of research by stating, “Where a cell exists, there must be a pre-existing cell.” The work and discoveries of all these scientists are responsible for one of the fundamental theories of biology, the cell theory.


Cell Theory


Modern cell theory states:


•All living things are composed of cells


•Cells are the basic units of all organisms


•All cells arise from preexisting cells


Most plant and animal cells have diameters between 10 and 100 micrometers (µm). Some, though, like red blood cells, are very small, with a diameter of 8 µm. All cells are enclosed by a membrane that regulates the passage of materials between a cell and its surroundings. They also contain nucleic acid, which directs the cell’s activities and controls inheritance.


Cells are divided into two varieties: prokaryotes and eukaryotes. Prokaryotes have no nucleus or other internal membranes. All bacteria are prokaryotes. Eukaryotes have a nucleus and are more complex cells. They make up every form of life other than bacteria. Human cells are eukaryotic cells. Figure 2.1 shows a typical prokaryotic bacterial cell that lacks a nucleus and all membrane-bound internal structures. Figure 2.3 and Figure 2.4 show typical plant and animal cells, respectively. Table 2.1 compares prokaryotic and eukaryotic cells.
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FIGURE 2.1 Typical prokaryotic cell


TABLE 2.1 Comparison of Prokaryotes and Eukaryotes








	Prokaryotes


	Eukaryotes







	No membrane-bound organelles such as a nucleus


	Contain distinct organelles surrounded by membranes, such as a nucleus and mitochondria







	Contains a single, circular chromosome; may also contain plasmids (extrachromosomal DNA)


	Chromosomes are linear; human body cells contain 46 chromosomes in each nucleus







	Can contain plasmids


	Does not contain plasmids







	Ribosomes are smaller


	Ribosomes are larger







	Respiration can be either aerobic or anaerobic


	Respiration is mostly aerobic







	Cytoskeletal elements, such as microfilaments, are absent


	Cytoskeletal elements, like microfilaments and microtubules, are present







	Most are unicellular


	Some, like euglena and paramecia, are single celled; many are multicellular with specialized cell types, such as muscle, blood, and skin cells







	Very small: 1–10 µm


	Larger: 10–100 µm







	Most have tough external cell walls


	Most (except plant cells and protists) are surrounded by only a cell membrane










Scientific studies using radioactive dating indicate that Earth is about 4.6 billion years old. All organisms on Earth are believed to have descended from a common ancestral prokaryotic cell about 3.5 billion years ago. According to the theory of endosymbiosis, eukaryotic cells containing organelles like mitochondria and chloroplasts evolved when free-living prokaryotes took up permanent residence inside other larger prokaryotic cells, about 2 billion years ago. This was the origin of a complex eukaryotic cell with internal membranes that compartmentalized the cell, making it very efficient and leading to the evolution of all multicelled organisms.




TIP


Form fits function.
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Although all cells have many structures in common, they do not look alike. Many, in fact, are quite unique. A cell’s form is dictated by its function. A nerve cell, for example, whose purpose is to conduct electrical impulses, is long and spindly. Cells that make up a tough peach pit resemble square building blocks. The human body is made of approximately two hundred different eukaryotic cell types, each with a different function. Therefore, each cell type has a different form. Although different cell types have different functions and appearances, they all contain the same organelles; see Figure 2.2.
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FIGURE 2.2 Five different eukaryotic cell types


Structures of Plant and Animal Cells


Plant and animal cells have many cellular organelles in common, including ribosomes and mitochondria. However, they also have organelles unique to the cell type, such as cell walls in plant cells and centrioles in animal cells. Figure 2.3 and Figure 2.4 show typical plant and animal cells, respectively.
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FIGURE 2.3 Plant cell
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FIGURE 2.4 Animal cell


Nucleus


The nucleus contains chromosomes made of DNA that is wrapped with special proteins called histones into a chromatin network. Chromosomes contain genes, bits of DNA that code for polypeptides. The nucleus is surrounded by a selectively permeable double membrane or envelope that contains pores and allows for the transport of large molecules, such as RNA, out of the nucleus and into the cytoplasm.
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