Topics 1-6:
Dr. Bonnie Deroo
Topic 1

The Central Dogma of Biology
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The term “dogma” describes a doctrine or code of beliefs accepted as authoritative. The central dogma of biology refers to the way that genetic information is stored and retrieved in living cells. The classic relationship is DNA → RNA → Protein. Thus DNA functions as the information storage molecule, and this information is "read out" into RNA molecules. Some of these RNAs are intermediates and carry the information used to produce proteins. It is the proteins (and some RNAs) that are the "active" workers in the cell — catalyzing reactions, moving things around, creating structures, etc. Thus the information stored in DNA is the genotype (the sum of inheritable potential) and when this information is translated into RNA and protein, a phenotype (the sum of observable characteristics) is produced. The discovery of the structure of DNA by Watson and Crick in 1953 was a milestone for biology, leading to a molecular understanding of how the sequence of nucleotides making up the DNA molecule encodes information. 

Historically, much of our knowledge of reactions occurring in cells has come from isolating and studying individual types of protein molecules. This resulted in the delineation of various metabolic pathways, signaling events, structural elements, etc. and eventually to tools for manipulating DNA itself. You will learn about these later in the course.

These methods have now allowed access to vast stores of genetic information. The Human Genome Project (begun in 1990, with a working draft completed 10 years later) led to the development of fast and accurate DNA sequence determination techniques. Over the past 20 years a huge quantity of sequence information has been generated. In 1996, scientists completed the total nucleotide sequence of DNA from yeast: about 12 million base pairs of DNA representing over 6000 genes were identified. Since then, the chromosomal DNA of many microbes has been sequenced (now over 400 organisms). A virtually complete sequence of human DNA was completed in 2002. The human genome consists of approximately 3.2 billion base pairs and encodes approximately 25,000 genes. However, we do not yet know the function of many of these genes. The power to manipulate DNA sequences gives us new ways to probe these functions and to answer questions about how cells work.

Since proteins are the active molecules in the cell and some of the key reagents in the technology behind molecular biology, we will begin the course with a discussion of their general properties. Proteins are made from building blocks called amino acids, which are strung together in long polymer chains. The chains fold and coil in three dimensions to achieve a structure with a biological function. Understanding this critical process requires an in-depth discussion of the various forces that stabilize a protein into a given conformation (shape).

Note: Chapter 2 of the textbook, "Essential Cell Biology" (3rd edition) by Alberts et al., entitled “Chemical Components of Cells” provides a review of material covered in OAC Chemistry, Chem 1050 and Bio 1222. This chapter deals with atoms, electron shells, chemical bonding (ionic, covalent, polar covalent, H-bonding, etc.), major chemical components of the cells, water, weak acid and bases, amino acids, etc. You are expected to understand this basic chemistry because it is important to protein structure, which will be discussed in the next few lectures. 

Proteins are macromolecules with molecular weights ranging from about 5 kilodaltons (kDa) to several thousand kDa. A simple cell such as yeast contains about 6,000 different proteins. Many of these proteins are biological catalysts (enzymes), which catalyze a single chemical reaction in the cell but others serve a range of functions, as you will see (see Panel 4-1, p. 120). In fact, proteins are the most diverse class of macromolecules, with a huge range of sizes, shapes, copy number, solubility, etc. as well as function (Fig. 4-9, p. 127), but underlying this complexity is a very simple fundamental structure. All proteins are synthesized from combinations of some or all 20 amino acids. Basically, proteins are linear polymers of amino acids. To understand protein structure, we have to start with the amino acids.
Topic 2
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Amino Acids

More properly known as alpha-amino acids, their general structure is: 

Nineteen of the twenty amino acids have the same arrangement around the central alpha-carbon: a. an amino group, b. a carboxyl group, c. a hydrogen, and d. an R group (called the "side chain") which differs for each amino acid. Recall that when 4 different groups are attached to a carbon atom, stereoisomers are possible. Therefore, amino acids are designated as D- and L-amino acids. Not all the amino acids have D- and L- isomers, but for those that do, only the L- forms are incorporated into proteins. 

An important property of amino acids is their net charge, derived from the ionization of weakly acidic or basic groups. The net charge on a group changes as the hydrogen ion concentration (pH) changes because of the association of hydrogen ions with the groups. 

Recall that for a weak acid:
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RCOOH  <=> H+  + RCOO-

This equilibrium is characterized by a constant Ka for each individual group.

This equilibrium shows that lowering the pH (increasing H+) will drive the equilibrium to the left, as written, resulting in decreased RCOO- and increased RCOOH. In other words, the fraction of the molecules that are ionized will decrease. Thus the net charge on the group will decrease. For basic groups such as amino groups, the effect is the opposite. That is, the fraction of the molecules that are ionized increases with decreasing pH. 

As we will see, proteins have multiple ionizable groups, so their net charge depends on the sum of the charges from all groups.

Categories of Amino Acids

Every amino acid has a 3-letter abbreviation and a one-letter code. I don’t expect you to memorize all the codes, but you will have to memorize a few (see below). However, you should know all the 3-letter abbreviations (see the inside front cover of your textbook!)

Amino acids are classified according to the properties of their side chains.

1. The largest group has non-polar side chains:

a. Some have only H or CH3 in side chains: glycine (gly, G), alanine (ala, A), valine (val, V), leucine (leu, L) and isoleucine (ile, I)

b. Some contain a sulfur atom: cysteine (cys, C), methionine (met, M)

c. Two are aromatic: phenylalanine (phe, F), tryptophan (trp, W)

d. Finally, the one odd one is actually an imino acid (meaning that its immediate synthetic precursor was an imino acid (ie. it contained an imine, or C=NH group): proline (pro, P)

2. Charged side chains: basic or acidic

a. contain carboxyl groups: glutamic acid (glu, E), aspartic acid (asp, D)

b. contain basic groups: lysine (lys, K), arginine (arg, R), histidine (his, H)

3. Uncharged polar side chains:

a. contain hydroxyl groups: Serine (ser, S), threonine (thr, T), tyrosine (tyr, Y)

b. contain amide groups: glutamine (gln, Q), asparagine (asn, N)

Note: You will be expected to know the structure of the following 8 amino acids: glycine (G), alanine (A), cysteine (C), serine (S), proline (P), lysine (K), aspartic acid (D), phenylalanine (F).

While only these 20 amino acids are used to make proteins, other amino acids can be found in proteins due to modifications that happen after the protein is made. This allows the introduction of specialized groups for specific purposes, and often changes the properties of the protein. A common example is phosphorylation of the hydroxyl-containing amino acids ser, thr and tyr. These phosphoamino acids have a phosphate esterified on the hydroxyl group of their side chain. You will come across a variety of other modifications as you study Biochemistry.

Topic 2 Review Questions

In the following questions mark the one best answer. 
2-1. Which of these amino acids contains a sulfur atom?

a) S
b) M
c) Q
d) E
e) V

2-2. Which one of these statements about amino acids is true? 

a) twenty-two amino acids are commonly found in proteins 
b) most of the amino acids found in proteins have charged side chains 
c) not all amino acids have stereoisoforms 
d) both D- and L- amino acids are found in proteins 
e) not all amino acids contain an NH3+ and a COO- group
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In the next 4 questions, match the property with the one most appropriate amino acid shown in the list. An amino acid may be used more than once or not at all. 

2-3. The smallest of the four amino acids listed  


2-4. Fits in the nonpolar class 


2-5. Can form disulfide bonds 


2-6. Has an aromatic group

Topic 3

Protein Structure

Proteins are the largest and most varied class of biological molecules, and they show the greatest variety of structures.  Many have intricate three-dimensional folding patterns that result in a compact form, but others do not fold up at all ("natively unstructured proteins") and exist in random conformations. The function of proteins depends on their structure, and defining the structure of individual proteins is a large part of modern Biochemistry and Molecular Biology.  

To understand how proteins fold, we will start with the basics of structure, and progress through to structures of increasing complexity.

Peptide Bonds

To make a protein, amino acids are connected together by a type of amide bond called a "peptide bond".  This bond is formed between the alpha amino group of one amino acid and the carboxyl group of another in a condensation reaction. When two amino acids join, the result is called a dipeptide, three gives a tripeptide, etc. Multiple amino acids result in a polypeptide (often shortened to "peptide"). Because water is lost in the course of creating the peptide bond, individual amino acids are referred to as "amino acid residues" once they are incorporated.  Another property of peptides is polarity: the two ends are different. One end has a free amino group (called the "N-terminal") and the other has a free carboxyl group ("C-terminal").  

In the natural course of making a protein, polypeptides are elongated by the addition of amino acids to the C-terminal end of the growing chain. Conventionally, peptides are written N-terminal first; therefore gly-ser is not the same as ser-gly or GS is not the same as SG. The connection gives rise to a repeating pattern of "NCC-NCC-NCC…" atoms along the length of the molecule. This is referred to as the "backbone" of the peptide. If stretched out, the side chains of the individual residues project outwards from this backbone. 
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The peptide bond is written as a single bond, but it actually has some characteristics of a double bond because of the resonance between the C-O and C-N bonds: 

This means that the six atoms involved are coplanar, and that there is not free rotation around the C–N axis. This constrains the flexibility of the chain and prevents some folding patterns.

Primary Structure of Proteins

It is convenient to discuss protein structure in terms of four levels (primary to quaternary) of increasing complexity. Primary structure is simply the sequence of residues making up the protein. Thus primary structure involves only the covalent bonds linking residues together.

The minimum size of a protein is defined as about 50 residues; smaller chains are referred to simply as peptides. So the primary structure of a small protein would consist of a sequence of 50 or so residues. Even such small proteins contain hundreds of atoms and have molecular weights of over 5000 Daltons (Da). There is no theoretical maximum size, but the largest protein so far discovered has about 30,000 residues. Since the average molecular weight of a residue is about 110 Da, that single chain has a molecular weight of over 3 million Daltons.

Secondary Structure

This level of structure describes the local folding pattern of the polypeptide backbone and is stabilized by hydrogen bonds between N-H and C=O groups. Various types of secondary structure have been discovered, but by far the most common are the orderly repeating forms known as the  helix and the  sheet.

An  helix, as the name implies, is a helical arrangement of a single polypeptide chain, like a coiled spring (see Fig. 4-10, p. 130). In this conformation, the carbonyl and N-H groups are oriented parallel to the axis. Each carbonyl is linked by a hydrogen bond to the N-H of a residue located 4 residues further on in the sequence within the same chain. All C=O and N-H groups are involved in hydrogen bonds, making a fairly rigid cylinder. The alpha helix has precise dimensions: 3.6 residues per turn, 0.54 nm per turn. The side chains project outward and contact any solvent, producing a structure something like a bottle brush or a round hair brush. An example of a protein with many  helical structures is the keratin that makes up human hair.
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The structure of a  sheet is very different from the structure of an  helix. In a  sheet, the polypeptide chain folds back on itself so that polypeptide strands like side by side, and are held together by hydrogen bonds (see Fig. 4-10, p. 130), forming a very rigid structure. Again, the polypeptide N-H and C=O groups form hydrogen bonds to stabilize the structure, but unlike the  helix, these bonds are formed between neighbouring polypeptide () strands. Generally the primary structure folds back on itself in either a parallel or antiparallel arrangement, producing a parallel or antiparallel  sheet (see Fig. 4-14, p. 132). In this arrangement, side chains project alternately upward and downward from the sheet (Fig. 4-10D, p. 130). The major constituent of silk (silk fibroin) consists mainly of layers of  sheet stacked on top of each another.

Other types of secondary structure. While the  helix and  sheet are by far the most common types of structure, many others are possible. These include various loops, helices and irregular conformations. A single polypeptide chain may have different regions that take on different secondary structures. In fact, many proteins have a mixture of  helices,  sheets, and other types of folding patterns to form various overall shapes (Fig. 4-16, p. 133).

What determines whether a particular part of a sequence will fold into one or the other of these structures? A major determinant is the interactions between side chains of the residues in the polypeptide. Several factors come into play: steric hindrance between nearby large side chains, charge repulsion between nearby similarly-charged side chains, and the presence of proline. Proline contains a ring that constrains bond angles so that it will not fit exactly into an  helix or  sheet. Further, there is no H on one peptide bond when proline is present, so a hydrogen bond cannot form. Another major factor is the presence of other chemical groups that interact with each other. This contributes to the next level of protein structure, the tertiary structure.
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Tertiary Structure

This level of structure describes how regions of secondary structure fold together - that is, the 3D arrangement of a polypeptide chain, including helices,  sheets, and any other loops and folds. Tertiary structure results from interactions between side chains, or between side chains and the polypeptide backbone, which are often distant in sequence. Every protein has a particular pattern of folding and these can be quite complex  (e.g. Panel 4-2, p. 128, right). 

Whereas secondary structure is stabilized by H-bonding, all four “weak” forces contribute to tertiary structure (p. 122). Usually, the most important force is hydrophobic interaction (or hydrophobic bonds). Polypeptide chains generally contain both hydrophobic and hydrophilic residues. Much like detergent micelles, proteins are most stable when their hydrophobic parts are buried, while hydrophilic parts are on the surface, exposed to water. Thus, more hydrophobic residues such as trp are often surrounded by other parts of the protein, excluding water, while charged residues such as asp are more often on the surface (Fig. 4-5, p. 124).

Other forces that contribute to tertiary structure are ionic bonds between side chains, hydrogen bonds, and van der Waals forces (Fig. 4-4, p. 123). These bonds are far weaker than covalent bonds, and it takes multiple interactions to stabilize a structure.

There is one covalent bond that is also involved in tertiary structure, and that is the disulfide bond that can form between cysteine residues. This bond is important only in non-cytoplasmic proteins since there are enzyme systems present in the cytoplasm to remove disulfide bonds.  

Visualization of protein structures. Because the 3D structures of proteins involve thousands of atoms in complex arrangements, various ways of depicting them so they are understood visually have been developed, each emphasizing a different property of the protein. Panel 4-2 (p. 128) illustrates a few of these different ways, from a simple backbone to a space-filling representation. Software tools have been written to depict proteins in many different ways, and have become essential to understanding protein structure and function.
Structural Domains of Proteins

Protein structure can also be described by a level of organization that is distinct from the ones we have just discussed. This organizational unit is the protein “domain,” and the concept of domains is extremely important for understanding tertiary structure. A domain is a distinct region (sequence of amino acids) of a protein, while a structural domain is an independently-folded part of a protein that folds into a stable structure. A protein may have many domains, or consist only of a single domain. Larger proteins generally consist of connected structural domains. Domains are often separated by a loosely folded region and may create clefts between them. Structural domains are often functional units as well. Examples of structural domains are illustrated in Fig. 4-16, p. 133 and 4-17, p134.
Quaternary Structure

Some proteins are composed of more than one polypeptide chain. In such proteins, quaternary structure refers to the number and arrangement of the individual polypeptide chains. Each polypeptide is referred to as a subunit of the protein. The same forces and bonds that create tertiary structure also hold subunits together in a stable complex to form the complete protein.

Individual chains may be identical, somewhat similar, or totally different. As examples, CAP protein (Fig. 4-19, p. 136) is a dimer with two identical subunits, whereas hemoglobin (Fig. 4-20, p. 136) is a tetramer containing two pairs of non-identical (but similar) subunits. It has 2  subunits and 2  subunits. Secreted proteins often have subunits that are held together by disulfide bonds. Examples include tetrameric antibody molecules that commonly have two larger subunits and two smaller subunits (“heavy chains” and “light chains”) connected by disulfide bonds and noncovalent forces (Panel 4-3, p. 144, top left). 

In some proteins, intertwined  helices hold subunits together; these are called coiled-coils (Fig. 4-13, p. 132). This structure is stabilized by a hydrophobic surface on each  helix that is created by a heptameric repeat pattern of hydrophilic/hydrophobic residues. The sequence of the protein can be represented as “abcdefgabcdefgabcdefg...” with positions “a” and “d” filled with hydrophobic residues such as A, V, L etc. Each  helix has a hydrophobic surface that therefore matches the other. When the two helices coil around each other, those surfaces come together, burying the hydrophobic side chains and forming a stable structure. An example of such a protein is myosin, the motor protein found in muscle that allows contraction.

Protein Folding

How and why do proteins naturally form secondary, tertiary and quaternary structures? This question is a very active area of research and is certainly not completely understood. A folded, biologically-active protein is considered to be in its “native” state, which is generally thought to be the conformation with least free energy. 

Proteins can be unfolded or “denatured” by treatment with solvents that disrupt weak bonds. Thus organic solvents that disrupt hydrophobic interactions, high concentrations of urea or guanidine that interfere with H-bonding, extreme pH or even high temperatures, will all cause proteins to unfold. Denatured proteins have a random, flexible conformation and usually lack biological activity. Because of exposed hydrophobic groups, they often aggregate and precipitate. This is what happens when you fry an egg.

If the denaturing condition is removed, some proteins will re-fold and regain activity. This process is called “renaturation.” Therefore, all the information necessary for folding is present in the primary structure (sequence) of the protein. During renaturation, the polypeptide chain is thought to fold up into a loose globule by hydrophobic effects, after which small regions of secondary structure form into especially favorable sequences. These sequences then interact with each other to stabilize intermediate structures before the final conformation is attained.

Many proteins have great difficulty renaturing, and proteins that assist other proteins to fold are called “molecular chaperones.” They are thought to act by reversibly masking exposed hydrophobic regions to prevent aggregation during the multi-step folding process. Proteins that must cross membranes (eg. mitochondrial proteins) must stay unfolded until they reach their destination, and molecular chaperones may protect and assist during this process.

Protein families/Types of proteins

Proteins are classified in a number of ways, according to structure, function, location and/or properties. For example, many proteins combine tightly with other substances such as carbohydrates (“glycoproteins”), lipids (“lipoproteins”), or metal ions (“metalloproteins”). The diversity of proteins that form from the 20 amino acids is greatly increased by associations such as these. Proteins that are tightly bound to membranes are called “membrane proteins”. Proteins with similar activities are given functional classifications. For example, proteins that break down other proteins are called proteases. 

Because almost all proteins arise by an evolutionary process, ie. new ones are derived from old ones, they can be classified into families by their relatedness. Proteins that derive from the same ancestor are called “homologous proteins”. Studying the sequences of homologous proteins can give clues to the structure and function of the protein. Residues that are critical for function do not change on an evolutionary timescale; they are referred to as “conserved residues”.  Identifying such residues by comparing amino acid sequences often helps clarify what a protein is doing or how it is folded. For example the proteases trypsin and chymotrypsin are members of the “serine protease” family; so-named because of a conserved serine residue that is essential to catalyze the reaction. Trypsin and chymotrypsin contain very similar folding patterns and reaction mechanisms. Recognizing a pattern of conserved residues in protein sequences often allows scientists to deduce the function of a protein.

Topic 3 Review Questions

In the following questions, mark the one best answer. 

3.1
In a folded protein, most of the nonpolar amino acids are buried inside the protein fold, while the polar and charged side chains are exposed to the components in the cytosol. This fold is more stable because of the expulsion of nonpolar atoms from contact with water, favouring the interaction of nonpolar atoms with each other. What is this type of non-covalent interaction between nonpolar atoms called?

a) Apolar interaction
b) Hydrophilic interaction
c) Hydrophobic interaction
d) Hydrocarbon interaction 

3-2.    Which of the following statements about an -helix is false? 

            a)    side chains project outwards 
            b)    3.6 residues/turn 
            c)    forms a rod or cylindrical shape 
            d)    stabilized by ionic bonds 
            e)    has a tightly packed, hydrophobic core 

3-3.    Which of the following statements about tertiary structure is false? 

            a)    it involves interactions between amino acid side chains 
            b)    charged side chains are mainly on the exterior 
            c)    it is concerned with the sequence of amino acid residues 
            d)    it is disrupted during denaturation 
            e)    it is sometimes stabilized by disulfide bridges  

3-4. The concept of domains is very important in understanding protein structures.

Which of the following statements about domains is false? 

            a)    they are often functional units 
            b)    they are part of quaternary structure 
            c)    they are usually tightly folded 
            d)    they are often separated from each other by clefts 
            e)    they are often connected by flexible regions

3-5   Which of the following statements is true? 

a) Peptide bonds are the only covalent bonds that can link together two amino acids in proteins. 
b) The polypeptide backbone of some proteins is branched. 
c) Nonpolar amino acids side chains tend to be found in the interior of proteins. 

d) The sequence of the atoms in the polypeptide backbone varies between different proteins. 
e) A protein chain ends in a free amino group at the C-terminus.

3-6   Which of the following statements is true of both primary and secondary structure? 

a) involve folding of the polypeptide chain 
b) involves only weak interactions 
c) concerns interactions between different polypeptide chains 
d) is disrupted during denaturation 
e) is determined by the sequence of amino acids

3-7    The -helix and -sheet are found in many proteins because they are stabilized by: 

a) Hydrogen bonding between amino acid side chains. 
b) Noncovalent interactions between amino acid side chains and the polypeptide backbone. 
c) Ionic interactions between charged amino acid side chains. 
d) Hydrogen bonding between atoms of the polypeptide backbone.

Topic 4

Protein Purification

It is often necessary to obtain a preparation containing protein molecules of only a single type (a “pure protein”); eg. for medical use or scientific study. With such preparations, one may determine 3D structure, binding affinities, or determine the amino acid sequence.  Obtaining a pure protein is generally challenging because there are thousands of proteins inside a cell as well as DNA, RNA, etc., all of which must be removed to leave a homogeneous sample containing only the protein of interest. In many cases, the advent of genetic engineering has simplified the problem by allowing amplification of the gene encoding the protein and the addition of “tags” to the protein sequence. Regardless, the protein must still be “fished out” of a complex mixture.

The purification procedure involves a number of steps, depending on the properties of the desired protein. Generally, these steps involve cell breakage, centrifugation for initial fractionation (Panel 4-4, p. 164), then some form of column chromatography (Panel 4-5, p. 166) to separate proteins from one another. Small samples of the preparation are monitored at different stages by SDS (sodium dodecyl sulfate) polyacrylamide gel electrophoresis (Panel 4-6, p. 167) to determine the number of proteins present. Measurement of the protein of interest by activity or other means allows determination of the degree of purity.

Proteins differ from one another in their sequence and therefore in their properties of net charge, size, shape, hydrophobicity and binding affinity. Various types of liquid chromatography take advantage of these differences to separate proteins. Gel filtration separates on the basis of size, ion exchange chromatography on the basis of net charge, and affinity chromatography on the basis of binding affinities. How these methods work will be discussed in class.

Once pure protein is obtained, it is sometimes possible to determine its 3D structure by using either X-ray diffraction or nuclear magnetic resonance (NMR) techniques. Both methods have limitations and take a great deal of work to succeed, but they have led to detailed knowledge of more than 14,000 proteins so far. 

In particular, X-ray diffraction requires making crystals of the protein, which can be a very difficult and time-consuming process. Once crystals are created, a beam of X-rays is passed through the crystal and some are deflected by the electrons present in the protein. This gives a pattern of spots (a diffraction pattern) that is then used to calculate the positions of the deflecting atoms, giving an exact 3 dimensional picture of the protein in the crystal (Fig. 4-46, p. 160).

Topic 4 Review Questions

In the following questions mark the one best answer. 

4-1    In ion exchange column chromatography, which one of these statements is true?

            a) a sieving effect takes place 
            b) high concentrations of ions are required for protein binding 
            c) separation depends on protein mass 
            d) immobilized ionic groups are required

4-2     In gel filtration column chromatography, which of these statements is true? 

a) Proteins bind to the column due to their net positive charge 
b) Proteins sieve through porous beads 
c) Proteins are eluted by an increasing salt gradient 
d) Separations depends on protein size, the smallest protein molecule eluting first

4-3    In the technique of SDS-PAGE: 

a) proteins are denatured by the detergent, sodium dodecyl sulfate 
b) the native molecular weight of a purified protein is determined
c) the SDS-protein complex is positively charged 
d) protein chains are separated on the basis of charge and size 

4-4     Which of these statements about molecular chaperones is false? 

a) bind to partially folded polypeptide chains to help such chains attain primary structure 
b) are themselves protein molecules 
c) protect unfolded polypeptide chains from cleavage by proteases 
d) are involved in moving proteins from one cellular location to another

Case study: Purification of an active enzyme.

As a protein is subjected to successive steps during its purification, the total amount of the protein decreases due to unavoidable losses, but the purity of the part that remains increases.  On an SDS-PAGE gel, the number of visible bands (representing different proteins) decreases but the intensity of the band(s) due to the desired protein increases as the purification progresses. For enzymes in particular, the activity can be measured by taking a small sample and determining the rate of reaction with the appropriate substrate. It is then possible to calculate “specific activity” (enzyme activity per unit of total protein) which should increase as the enzyme becomes steadily more pure. The objective in purifying an enzyme is to maximize the yield (total amount of enzyme) and the specific activity. An example of purification of an enzyme will be discussed.

Protein structure and analysis websites.  There are many internet resources for visualizing protein structure, comparing and manipulating protein sequences, and other types of analysis. In particular, the ExPASy Proteomics Server (http://www.expasy.ch) provides links for various databases and structure analysis tools, while the RCSB Protein Data Bank (http://www.pdb.org/pdb/home/home.do) is a database of all known 3D protein structures (some are pretty funky! Check out the “Molecule of the Month” archives). Protein (and DNA) sequence databases are accessible through Pubmed (http://www.ncbi.nlm.nih.gov/pubmed/). 

Topic 5

Protein Function

As mentioned, the range of protein functions is enormous: from passive structural elements to active motor proteins and everything in between. What characteristics of proteins are required for them to carry out these functions? While these characteristics vary from protein to protein, there are some that can be found in most proteins. We will discuss those here.

Protein flexibility is critical for many different functions. Proteins that are not rigid can undergo modest changes in structure called “conformational changes”. Conformational changes can be caused by minor changes in the environment, or by binding of some other molecule, and often involve changes in the relative position of structural domains. Conformational changes provide the driving force behind motor proteins, the sensory function of receptors, the control of enzyme activity, the transmission of signals, etc. 

Proteins are also able to form surfaces with an incredible variety of shape and electronic topography because of the variety of properties of the side chains and the variety of tertiary structure (folding patterns) that can bring residues together in space. Thus many proteins have evolved to bind to particular molecules with great specificity, using multiple weak bonds (Fig. 4-27, p. 141). Generally a small area of the protein surface is complementary to the structure of another molecule (called a “ligand”). In the case of enzymes, this area is termed the “substrate-binding site” or just “active site”. Thus a protein might recognize just one or two out of thousands of other molecules in the cell. A protein can have multiple ligand binding sites that may interact so that binding of one ligand affects the binding of another.

A typical binding site of a protein is illustrated in Fig. 4-28, p. 141. In this example, cyclic AMP is bound by the CAP protein. The points to note are the many H-bonds formed and the complementary shape of the protein and cyclic AMP. Tight binding requires the cooperative formation of many weak bonds, leading to the extreme selectivity observed.

Ligand binding is characterized by a dissociation constant, Kd, whose value is calculated from the affinity of the molecules for each other. The Kd is defined by the following equation:


      Kd =        [Proteinfree] [Ligandfree]



         [Protein-Ligand Complex]

Kd's in biological situations range from femtomolar (very high affinity) to millimolar (low affinity).  

Case History: Collagen

Collagen is an example of a fibrous protein. It forms very strong fibrils that strengthen bone, skin and basement membranes of arteries, veins, and many other tissues. Collagen is actually a family of proteins, with individual proteins given numbers: collagen I, II, etc. and various genetic diseases arise from mutations in one of the collagen genes (eg. osteogenesis imperfecta syndromes from mutation of collagen1a proteins). Collagen proteins undergo a complex process of maturation after their initial synthesis before secretion and assembly into fibrils. Collagens have an unusual amino acid composition. All 20 aa are present, but collagens are extremely rich in glycine; in fact every third amino acid residue in the sequence is glycine. Furthermore, collagen also has a very high proline content (about 20%). Many of these prolines are modified by hydroxylation to form hydroxyproline. Also, some of the lysines present are modified by hydroxylation to give hydroxylysines. All of these factors are important for the final structure.

The construction of a collagen fiber begins with the synthesis of an individual polypeptide. Different collagens have different lengths, but they are commonly quite long; more than 1000 residues. The initial polypeptide contains N- and C- terminal sequences that are later removed (propeptides). Once formed, the chains are hydroxylated in the endoplasmic reticulum by two different enzymes:
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The enzyme prolyl hydroxylase is an iron-containing enzyme. The iron must be kept in the reduced state to maintain enzyme activity, which requires the presence of ascorbic acid (vitamin C). The disease scurvy results if not enough vitamin C is present in the diet and the prolines are not hydroxylated.

Once hydroxylated, three collagen strands assemble together by first associating at the C-terminal propeptide region, then winding around each other to form an extremely tight rope-like structure with frayed ends called a “procollagen” molecule. The hydroxyl groups on hydroxyproline form hydrogen bonds that help to keep the chains together. The small side chain of glycine at every third residue allows the chains to come close to each other. The high content of proline precludes alpha helical structure: instead a much more extended helical conformation is adopted (“polyproline type II helix”).

The hydroxylysine residues are necessary as sites of sugar addition (glycosylation) that increases solubility, and they also serve in a cross-linking reaction that creates covalent bonds between collagen chains. Procollagen is secreted and the propeptides are trimmed off by specific proteases to leave only the triple-stranded rope part. This “tropocollagen” molecule (Figure 20-9, p. 695) then assembles into ordered polymers called collaged “fibrils.” Covalent crosslinks are formed between neighboring molecules to give the final extremely strong fiber.

Topic 5 Review Questions

In the following questions mark the one best answer. 

5-1.    Which statement about collagen is false?

a) is composed of tropocollagen units which are arranged to form an insoluble fiber 
b) has a high content of imino acids

c) has glutamine at every third position in the amino acid sequence

d) is a glycoprotein, i.e., contains bound carbohydrate 

5-2.    Which statement about collagen is true? 

a) prolyl hydroxylase is a zinc-containing enzyme
b) the glycine at each 3rd residue brings the chains together because it contains a charged side-chain
c) the high content of proline allows an a-helical structure to form
d) some of the hydroxylated lysine residues are glycosylated

5-3.    Defective collagen in scurvy is due to insufficient Vitamin C which: 

a) is required for the conversion of lysine to hydroxylysine 
b) inhibits the oxidative degradation of collagen 
c) is required for formation of crosslinks between tropocollagens 
d) is involved in the hydroxylation of proline residues 

Case Study: Antibodies

Antibodies are proteins produced by the immune system that bind tightly and specifically to foreign substances introduced into the body. They are essential parts of the defense system against bacteria and other parasites. Because of their amazing selectivity, antibodies have become powerful tools in medicine and for studying proteins (Panel 4-3, p. 144).

There are several types of antibodies, but we will look at just one: immunoglobulin G or IgG. This is the most common type found in blood and is the most generally useful in biotechnology. The immune system is producing millions of different IgG molecules at any one time, each specifically able to bind a substance (the “antigen”). Each of these different IgG molecules has the same overall structure, but differs in one small region (the “antigen binding site”).  A single immune cell produces only a single IgG protein, but during an immune response many different cells will each make IgG molecules that bind a particular antigen and all these IgGs are found together in blood (“polyclonal antibody”). It is now possible to artificially obtain homogeneous IgG  (“monoclonal antibody”) that consists of identical IgG molecules.

IgG consists of two longer or “heavy” chains plus two smaller “light” chains, altogether forming a tetrameric molecule with a “Y” shape (Fig. 4-29, p. 142). Disulfide bonds link the chains together and stabilize the domains that make up the structure. These immunoglobulin or “Ig domains” consist of  sheets connected by loops to form a globular region. Heavy chains have 4 Ig domains and light chains have 2 Ig domains. The antigen-binding site is found at the tips of the “Y” and is formed by loops in the terminal Ig domains of the heavy and light chains.

Different IgG molecules have different amino acid sequences in these loops, and the different amino acid side chains will produce different surfaces, thus making antigen binding sites that differ in what they will bind. As in most protein interactions, multiple weak bonds are involved (Fig. 4-27, p. 141), requiring a strong complementarity in shape and electronic surface for the tight binding. Because of their differing sequences, the Ig domains involved are termed “variable” domains, while the other Ig domains are called “constant” domains. Thus a single IgG molecule will have 4 variable domains (one on each chain) and 8 constant domains.

Antibody molecules that recognize a single antigen can be purified and used to detect very small quantities of antigen (picogram range). Thus antibodies are commonly used to diagnose disease, either by testing for the presence of antibodies that the patient has made to viral/bacterial proteins, or using pre-made antibodies to detect the presence of such marker proteins. In some cases antibodies are used in treatment (eg. for snake bite).

Antibodies may also be used to purify proteins and to determine their locations in cells or tissues (Panel 4-3, p. 145). For visualization, the antibody molecules are chemically tagged with a visible dye or enzyme before binding to the tissue. After washing away the unbound antibody, microscopy reveals the location of the bound antibody, and thus the antigen.

In the “Western blot” method, antibodies are used to detect proteins after samples have been separated by SDS-PAGE. The proteins in the gel are transferred to a membrane, which is then probed with an antibody. Detection of the antibody then reveals the presence of the antigen (Panel 4-3, p. 145).
Topic 6

Enzyme catalysis

Enzymes are biological catalysts, responsible for directing the flow of chemical reactions that is the basis for life. By far the majority of enzymes are proteins, but some consist of RNA or a complex of protein and RNA. Enzymes are remarkably specific, acting on only one or a few types of molecules (called “substrates” of the enzyme) to give some type of molecular product. In cellular metabolism, there are only a few major classes of enzymes that carry out the biochemical functions specific to their class (Table 4-1, p. 143). However, the enzymes within each class carry out these functions on very specific substrates that are specific to each enzyme. For example, there are many proteases, all catalyzing peptide bond breakage, but each protease has its own specialty (trypsin cleaves after K, R residues; chymotrypsin after F, W, Y; elastase after A, V, L; etc). It is the specificity and catalytic ability of enzymes that allows life to exist.

Enzymes, as catalysts, are not themselves changed by the reaction although they may change transiently during the reaction. They often cause huge rate enhancements (quadrillion-fold or more) but do not affect the basic driving force (thermodynamics) behind chemical transformations.

To understand how enzymes work, consider the course of a chemical reaction. Between the initial chemical reactant and the product is always an intermediate form called a “transition state.” In order for substrate (reactant) to become product (whether catalyzed or not), the substrate must pass through the transition state (Fig. 3-12, p. 89). If you consider the energy involved, the transition state is at the high point between reactant and product. For the reaction to occur, enough energy (the “activation energy”) must be input to raise the reactant to the transition state. Thus the rate of the reaction is controlled by the activation energy. Enzymes lower the activation energy by creating a favorable environment for the transition state. It is important to note, however, that the ratio of the substrate to product of the reaction at equilibrium (Keq) is not affected—only the rate.

Only a small part of an enzyme is directly involved in catalysis. This small part is called the “active site” of the enzyme. Often the active site is found in a cleft between two domains or subunits. This location allows the substrate to be surrounded and the reaction environment to be controlled by the enzyme. In the active site, multiple weak bonds are formed as substrate(s) bind, and the chemical and physical geometry of the site push the incoming molecule towards the transition state. An important point is that an enzyme has the highest affinity for the transition state of a reaction, not for substrates or products. Factors that contribute towards attaining the transition state include:


-bringing substrates together (in multi-substrate reactions)


-orienting substrates in a favorable geometry


-supplying proton acceptors/donors, electron donors/acceptors


-excluding water


-stressing the substrate physically or electronically

Enzymes work best under specific conditions of temperature and pH. Thus there is an optimal pH and temperature for each enzyme. Most enzymes are adapted to their natural conditions. For example, enzymes that work in the stomach have a low pH optimum. At extremes of pH, catalytic groups that are necessary for activity may be protonated (or unprotonated), leading to decreases in activity, or the enzyme may denature. With increasing temperature, the reaction rate increases up to the point at which the enzyme becomes unstable. Thus, for both temperature and pH, plotting activity gives a bell shaped curve. It is fascinating that some organisms live under extreme conditions of temperature, salt or pH, and enzymes have evolved in those organisms to cope with these conditions.

Case Study: Lysozyme

Lysozyme is an enzyme that is present in saliva, tears, egg white and other fluids. Lysozyme cleaves the bonds holding together polysaccharide chains that are present in some bacterial cell walls. Lysozyme is therefore thought to act as a natural antibiotic in these fluids. It is a relatively small globular protein, stabilized by disulfide bonds, and containing a mixture of secondary structures. A groove on the surface is the active site (Fig. 4-30, p. 146). The active site of the enzyme binds a polysaccharide, with six sugars interacting with the protein. Lysozyme catalyzes a hydrolytic reaction (ie. one that requires water) that severs the bond connecting two of the sugars.

X-ray structures of lysozyme with substrate analogs (chemicals that resemble the substrate but cannot undergo the reaction) show that lysozyme-substrate binding induces a distortion of one sugar, weakening the bond to be broken. Two acidic residues are precisely positioned adjacent to the bond where they receive and donate hydrogen ions. A series of electron movements results in the transient formation of an enzyme-sugar linkage at the same time as the sugars are separated. One product is then free to leave, and water is split to hydrolyze the enzyme linkage, releasing the remaining product and regenerating the active enzyme (Fig. 4-31, p. 147).

This reaction occurs millions of times faster than it does in the absence of catalyst and illustrates how enzymes create a favorable environment to speed up a reaction. 

Enzyme Kinetics 

“Kinetic” studies, the study of how the rate of a reaction is influenced by the concentration of substrate, can provide insight into an enzyme’s mechanism and how inhibitors of enzymes act.  

At a fixed enzyme concentration, the rate of the reaction will increase as substrate concentration increases until a limit is approached. As the enzyme becomes saturated with substrate, further increases in substrate concentration do not cause increases in the rate of reaction. Graphically, this gives a rectangular hyperbola when initial velocity “v” is plotted against substrate concentration [S] (Fig. 3-26, p. 101). This curve is characteristic for many simple enzymes. In 1913, Leonor Michaelis and Maud Menten derived an equation to quantitatively describe this behaviour (known as the Michaelis-Menten equation):

v = Vmax[S]/(Km + [S])

where Vmax is the maximal velocity (velocity at infinite substrate concentration), and Km is a constant (called the Michaelis constant) that is equal to the substrate concentration required to give half the Vmax. 

The Vmax of a reaction is directly dependent on the enzyme concentration (doubling the amount of enzyme will double the rate of product formation). 

In part, the Km reflects the affinity of the enzyme for the substrate: the lower the Km, the higher the affinity. The Km is independent of enzyme concentration.

Because it is difficult to determine numerical values from a hyperbolic curve, data is often plotted using a reciprocal Lineweaver-Burk (double reciprocal) plot (1/v vs 1/[S]). This gives a straight line and allows determination of Vmax from the intercept on the 1/v axis and Km from the intercept on the 1/[S] axis (Fig. 3-26, p. 101).

Inhibition of enzymes

Inhibiting enzymatic activity can be important and useful. For example, many antibiotics and medications are enzyme inhibitors. Inhibitors can be divided into 2 classes: irreversible (which form a covalent bond with enzyme) and reversible (which bind non-covalently). Penicillin is an example of an irreversible inhibitor, and permanently inhibits a bacterial enzyme that contributes to cell wall synthesis, thus inhibiting growth of the organism.

Many reversible inhibitors bind directly in the active site and block substrate binding - these are called “competitive inhibitors”. The kinetic effect is to increase Km. This type of inhibition can be overcome with high substrate concentration (Fig. 3-28, p. 103). 

Topic 6 Review Questions

In the following questions mark the one best answer. 

6-1.    Which of the following statements is false regarding the active site of an enzyme? 

            a) involves the entire enzyme surface 
            b) is complementary to the transition state 
            c) may induce strain in bound substrate molecules 
            d) contains electron donating or withdrawing R groups which influence catalysis 

6-2.     Which of the following statements about enzymes is false? Enzymes: 

a) increase the rate of a reaction 
b) lower the activation energy of a reaction 
c) act specifically on one substrate or occasionally on a group of related substrates 
d) alter the equilibrium constant of a reaction

6-3.
Figure Q3-24 is an energy diagram for the reaction X → Y.  Which equation below provides the correct calculation for the amount of free energy released when X is converted to Y? (Check Figure 3-12, p. 89)
(a) a + b – c
(b) a – b
(c) a + c – b
(d) a – c

6-4.
The kinetics of most enzymatic reactions can be described in terms of Km and Vmax. Which of the following best describes Km? 

a) the concentration of inhibitor required to produce 50% inhibition 
b) the velocity of the reaction at saturating levels of substrate 
c) the concentration of a substrate required to give half-maximal velocity 
d) the half-maximal velocity




a) serine


b) lysine


c) glutamic acid


d) proline


e) none of the above











Figure Q3-24
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