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Introduction

Proteins are the ‘doers’ of the cell. They are huge in number and variety and diverse in structure and function, serving as both the structural building blocks and the functional machinery of the cell. Just about every process in every cell requires specific proteins. 

Let us begin by listing some of the basic cellular processes and the role that proteins play.

· Chemical catalysis Enzymes, which are responsible for catalysing biological reactions, are the largest functional group of proteins. Whilst there are thousands of different enzymes, all catalysing different reactions, they do have some features in common and can often be identified as members of a particular family of enzymes. 

· Mechanical support Typically, support is provided by proteins, e.g. the cytoskeletal proteins inside the cell and the extracellular matrix proteins outside the cell. 

· Communication The signals within and between cells (e.g. cytokines) and the apparatus for recognising and interpreting or reacting to signals (receptors and transducers) are mainly proteins. 

· Adhesion Cell surface proteins mediate contact between cells and between a cell and the extracellular matrix (which is also made up of proteins). 

· Movement Proteins generate movement in a cell (motor proteins). 

· Defence Antibodies (immunoglobulins) are proteins that recognise specific targets (usually proteins themselves). This facility is critical for an immune response. 

· Transport Proteins are key molecules in the transport of substances both within a cell and to and from the cell. 

· Storage A number of proteins serve to store small molecules or ions; for example, ferritin binds iron and stores it in the liver. 

You will come across many examples in this course of proteins performing the functions outlined above, and the molecular basis for various cellular processes will be examined in some detail. The basic principles of protein structure and function, which are reviewed in this course, are crucial to understanding how proteins perform their various roles. 

The huge diversity in the functions of proteins is reflected in the specialisation of these molecules. As you will see in this course, every protein optimally performs a particular job and the key to how it does so is its structure. The refinement of protein structure and optimisation of protein function are driven by evolutionary pressures. Mutations at the DNA level that result in a change in protein structure and function will persist if they enhance survival or are not detrimental to the organism. 

Proteins come in as many different shapes and sizes (Figure 1) as they have functions. A broad distinction is made between globular proteins and fibrous proteins. Globular proteins are a particularly diverse group that includes enzymes, receptors and transport proteins, and are characterised by a roughly spherical compact shape. Fibrous proteins are elongated and rod-like (e.g. collagen, represented in (Figure 1) and often have a structural role. Most of the proteins discussed in this course are globular proteins, which reflects both their number and the fact that they lend themselves to structural analysis by X-ray diffraction and NMR. 

Start of Figure
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Figure 1 A few of the many different proteins represented in a highly schematic form and according to their relative sizes.

End of Figure
In this course, we will consider aspects of the structure of proteins and illustrate how, through their interactions with other cellular components, they can function as dynamic molecular machines. We will begin by exploring the three-dimensional nature of proteins, reviewing some of their biochemistry and the biophysical rules that determine their structure and studying key structural elements that are common to many proteins. You will encounter these activities as you progress through the course. The relationship between protein structure and function is explored using as examples a variety of different proteins, including enzymes, signalling proteins and transport proteins. All proteins bind other substances, often other proteins or organic molecules or inorganic ions. These interactions are integral to a protein's function and their specificity and affinity are critically determined by the protein's structure. This aspect is discussed at some length. The course finishes with a consideration of some of the techniques employed in studying protein–protein interactions. 

This OpenLearn course provides a sample of Level 3 study in Science. 

Learning outcomes

After studying this course, you should be able to:

· define and use each of the terms printed in bold in the text

· describe the different levels of protein structure and their interdependence

· explain how steric limitations determine secondary structure in polypeptides

· describe, using examples, the relationship between protein structure and function

· understand the significance of domains in protein function and how they have arisen.

1 The three-dimensional nature of proteins

1.1 Introduction

Proteins are made up of one or more polypeptide chains, polymers of amino acid residues found in all proteins. The structure that a polypeptide adopts is determined by the component amino acid units – both their chemical properties and the order in which they occur in the polymer – and by the structure of the peptide bond that links them. 

Protein structure is described in terms of four levels of organisation: primary, secondary, tertiary and quaternary. The linear sequence of amino acids in the polymer is its primary structure and the conformations that the polypeptide adopts are described as secondary structure. The arrangement of elements of secondary structure in a folded polypeptide defines its tertiary structure, and, finally, the quaternary structure describes the association of two or more folded polypeptides in multisubunit proteins. In this section, we will begin by considering the structure of the peptide bond, and then go on to look at each of the levels of protein structure in turn. 

1.2 The peptide bond and primary structure of proteins

The primary structure of a protein is defined as the sequence of amino acids of which it is composed. This sequence ultimately determines the shape that the protein adopts, according to the spatial limitations on the arrangement of the atoms in the protein, the chemical properties of the component amino acid residues, and the protein's environment. 

The peptide bonds that link amino acid residues in a polypeptide are formed in a condensation reaction between the acidic carboxyl group of one amino acid and the basic amino group of another amino acid. In the context of a peptide, the amide group (CO–NH) is referred to as the peptide group. 

Crucial to an understanding of protein structure is a knowledge of the structure of the peptide bond. Linus Pauling, in the 1930s, used X-ray diffraction to examine the nature of the peptide bond formed between two amino acids. He reported that the peptide group (CO–NH) has a rigid planar structure. This structure is due to interactions between electrons of the double bond of the carbonyl group and those of the C–N bond (Figure 2) such that the latter acquires partial (about 40%) double-bond properties. 

Start of Figure
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Figure 2 Resonance interactions between electrons in the C=O bond and the C–N bond of the peptide group mean that there is ‘sharing’ of electrons between these bonds. Note the charges on the N and O atoms. 

End of Figure
This effect is an example of resonance which can be thought of as a sharing of electrons between bonds. Since single bonds between two atoms are longer than double bonds between the same two atoms, the lengths of the C–N and C=O bonds in the peptide group differ from those observed for these bonds in other contexts where resonance does not occur. Thus the partial double bond character of C–N in the peptide group means that this bond is shorter than would be predicted for a C–N single bond, whilst the C=O bond, having a partial single bond character due to resonance, is longer than would be predicted for a C=O double bond. The bond lengths in the peptide group are indicated in Figure 3. Compare the C–N bond of the peptide group with that between N and Cα (the C atom to which the amino group and carboxyl group are attached). 

Start of Figure
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Figure 3 The average dimensions in angstroms, Å (10 Å = 1 nm = 1000 pm), and degrees, of the planar peptide group in (a) the trans conformation and (b) the cis conformation. Note: in this and other representations of the configuration of polypeptides, there is no indication of bond order (i.e. single or double bonds). 

End of Figure
There are two possible conformations of the planar peptide bond: in the trans peptide group, the Cα atoms are on opposite sides of the peptide bond (Figure 3a) and in the cis peptide group, the Cα atoms are on the same side of the peptide bond (Figure 3b). 

Start of ITQ
· Considering the spatial arrangement and the proximity of the atoms in the cis and trans conformations of the peptide bond, which conformation do you think would be favoured? 

· The trans conformation would be energetically more favourable than the cis conformation, since it minimises steric hindrance. 

End of ITQ
Generally speaking, peptide bonds are in the trans conformation. However, cis forms can occur in peptide bonds that precede a proline residue. In such cases, the cis form is more stable than usual since the proline side-chain offers less of a hindrance. Nonetheless, cis peptide bonds occur only in approximately 10% of instances of peptide bonds preceding proline residues. 

Bearing in mind the planar nature of the peptide group, a polypeptide chain can be seen to have a backbone that consists of a series of rigid planar peptide groups linked by the Cα atoms. Figure 4 shows part of a polypeptide with two planar peptide groups in the trans conformation. Note that though rotation is not permitted about the peptide bonds, there is potential for rotation around the Cα–N and Cα–C bonds. The angles of rotation, termed torsion angles , about these bonds specify the conformation of a polypeptide backbone. The torsion angles about the Cα–N and Cα–C bonds are referred to as ɸ (phi) and ψ. (psi), respectively and they are defined as 180° when the polypeptide is in the extended planar conformation, as illustrated in Figure 4. 

Start of Figure
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Figure 4 A portion of a polypeptide showing two planar peptide groups (shaded areas) joined at the Cα atom. There is little freedom of movement within the peptide group, but rotation of the peptide groups about the Cα–N and Cα–C bonds can occur and is defined by the torsion angles φ and ψ respectively. In the extended conformation shown here, both these angles are defined as 180º. By convention, φ and φ increase with clockwise rotation of the peptide group when viewed from Cα, as indicated by the arrows. 

End of Figure
You will not be surprised to learn that steric constraints apply to ɸ and ψ. 

As a result of these steric constraints, only certain values of ɸ and ψ, and hence conformations of the peptide, are permitted whilst others are not. 

It is possible to calculate these permitted values for a given residue in the context of a polypeptide. This calculation is performed by first determining the distances between all the non-bonding atoms in two neighbouring peptide groups (such as those in Figure 4) at all the possible values of ɸ and ψ. It is most readily done for a polypeptide containing just one kind of amino acid. A conformational plot of ɸ against ψ for a particular residue is known as a Ramachandran plot (after its inventor, G. N. Ramachandran). Such a plot allows us to identify those conformations (i.e. for a particular value of ɸ and ψ) that are sterically favourable or unfavourable (as in Figure 5), according to the following criteria: 

· Where there is no conflict between the van der Waals radii of non-bonding atoms, a conformation is ‘allowed’. These conformations lie in the blue areas in Figure 5. 

· Conformations requiring interatomic distances at the limit of that which is permissible are defined as ‘outer limit’ conformations. They lie in the green areas in Figure 5. 

· Theoretical conformations that require any two non-bonding atoms to be closer to each other than their van der Waals radii allow are sterically ‘forbidden’. These lie in the white areas in Figure 5. 

Notice that the values of ɸ and ψ in Figure 5 range from −180º to +180º. Turning the peptide group through 360º will of course bring it back to its starting position, and −180º and +180º correspond to the same position. Thus the green strip at the bottom left corner of the plot in Figure 5 is contiguous with the field at the top left corner. 

Start of Figure
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Figure 5 A Ramachandran plot showing the sterically allowed ɸ and ψ angles for a peptide chain containing only L-alanine residues (poly-L-alanine). ‘Allowed’ conformations are within the blue or green areas, with those that are ‘outer limit’ conformations in the latter. The remaining conformations, in the white area, are ‘forbidden’. Note that there are only three discrete regions (numbered 1–3) corresponding to allowed conformations. (Data from Ramachandran and Sasisekharan, 1968). 

End of Figure
Start of ITQ
· Use Figure 5 to determine whether the following values of ɸ and ψ are sterically favourable or unfavourable: (a) ɸ = 90º and ψ = 90º; (b) ɸ = −90º and ψ = 90º. 

· (a) Unfavourable; (b) favourable.

End of ITQ
Ramachandran plots can be constructed for polymers of each of the 20 amino acids. It is significant to note that the Ramachandran plots for many amino acid residues are generally very similar, having only three regions with favourable or tolerated conformations (labelled 1–3 in the plot for poly-L-alanine in Figure 5). Differences do occur, however. For instance, where the side-chain (R in Figure 4) is branched near Cα, as in the case of threonine, it occupies more space close to the peptide backbone and restricts the approach of atoms in the neighbouring peptide groups. As a result, allowed conformations (ɸ and ψ angles) are more restricted for polypeptides of branched amino acids. 

Start of ITQ
· Proline is also quite different from other amino acids in terms of allowed conformations and for polyproline only ɸ values from −85º to −35º are tolerated. Thinking about the structure of proline, how can you explain this relatively narrow range of permitted ɸ values? 

· The side-chain of proline is covalently bonded to the N of the amino group, so in polyproline, there will be less freedom of rotation about the Cα–N bond than with other amino acids. Consequently, allowed ɸ values will be relatively limited compared with other amino acids. 

End of ITQ
Start of ITQ
· Figure 6 shows the Ramachandran plot for glycine residues in a polypeptide chain. The regions are colour-coded as in Figure 5. What can you say about the conformations that glycine adopts? Consider the structure of glycine. Why does glycine differ from the other residues with respect to its conformations? 

· Glycine has much greater conformational freedom than do other amino acid residues, because it is less sterically hindered.

End of ITQ
Start of Figure
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Figure 6 A Ramachandran plot for poly-L-glycine. Regions of ‘allowed’, ‘outer limit’ and ‘forbidden’ conformations are coloured as in Figure 5. (Data from Ramachandran and Sasisekharan, 1968) 

End of Figure
The Ramachandran plots in Figures 5 and 6 have been generated for, respectively, L-alanine and L-glycine on the basis of allowed and outer limit distances for interatomic contacts, determined from known values for van der Waals radii of the atoms (Table 1). 

Start of Table
Table 1 Van der Waals distances for interatomic contacts.

	Contact type
	Normally allowed / Å
	Outer limit / Å

	H···H
	2.0
	1.9

	H···O
	2.4
	2.2

	H···N
	2.4
	2.2

	H···C
	2.4
	2.2

	O···O
	2.7
	2.6

	O···N
	2.7
	2.6

	O···C
	2.8
	2.7

	N···N
	2.7
	2.6

	N···C
	2.9
	2.8

	C···C
	3.0
	2.9

	C···CH2
	3.2
	3.0

	CH2···CH2
	3.2
	3.0


End of Table
They are therefore predictive rather than actual conformational plots. We can, of course, use X-ray diffraction to determine experimentally the ‘real’ values of ɸ and ψ for residues in a polypeptide. In Figure 7, the ɸ and ψ values for all the residues (with the exception of glycine and proline) in a number of different structures have been determined by high-resolution X-ray diffraction and plotted on a Ramachandran plot. We can see that there is a striking correspondence between predicted and actual conformations. Notice, however, that there are some residues whose conformations map to the ‘forbidden’ areas. Most of these residues map in the region between ‘allowed’ regions 2 and 3, around ψ = 0. 

Start of Figure
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Figure 7 Based on X-ray diffraction data for a number of polypeptide structures, the ɸ and ψ values for all amino acid residues (with the exception of glycine and proline) have been superimposed on a predicted Ramachandran plot of ‘allowed’ and ‘outer limit’ conformations. Predictions were based on van der Waals distances for interatomic contacts as described in the text. Notice that the majority of actual values correspond to predicted permissible conformations. 

End of Figure
Start of ITQ
· Look again at Figure 4 and imagine that you can twist the topmost peptide group through 180° so that ψ = 0. What groups are likely to conflict in this conformation? 

· The N–H groups of adjacent peptide groups will conflict with each other, being forced into close proximity.

End of ITQ
The conflict associated with these conformations can be accommodated by a small degree of twisting of the peptide bond. Thus, in such conformations the peptide group is twisted out of its usual planar conformation. 

A limited number of ‘forbidden’ conformations of particular residues can be tolerated in a polypeptide if the adopted conformation, as a whole, is energetically favourable. A polypeptide will tend to fold such that it adopts the most stable conformation. In this conformation, the polypeptide minimises its free energy. In the next sections, we shall look at this higher level of protein structure. 

1.3 Protein secondary structure

From our consideration of the steric constraints that apply to peptide bonds and amino acid residues in a polypeptide, we have already begun to discuss some of the factors that determine how the backbone of the polypeptide folds. The conformation adopted by the polypeptide backbone of a protein is referred to as secondary structure. Whilst it is true to say that all proteins have a unique three-dimensional structure or conformation, specified by the nature and sequence of their amino acids, there are certain structural elements, or types of secondary structure, that can be readily recognised in many different proteins. These secondary structural elements include helices, pleated sheets and turns. 

Start of ITQ
· Table 2 lists the torsion angles, ɸ and ψ, for the residues in some common secondary structures. Using the Ramachandran plot in Figure 5, what can you say about these structures? 

· They all fall within the ‘allowed’ conformation areas.

End of ITQ
Start of Table
Table 2 Torsion angles, ɸ and ψ, for some secondary structures. 

	Secondary structure
	ɸ / deg 
	ψ; / deg 

	right-handed α helix
	–57
	–47

	parallel β sheet
	–119
	113

	antiparallel β sheet
	–139
	135


End of Table
As well as conforming to allowed torsion angles for component residues, secondary structures are stabilised by non-covalent interactions between atoms and groups in the polypeptide, namely hydrogen bonds and van der Waals forces. The polypeptide may fold and turn many times, and such interactions are often between residues some distance apart in terms of the primary structure. 

Roughly half of an average globular protein consists of regular repetitive secondary structures (helices and pleated sheet) whilst the remainder has an irregular so-called coil or loop conformation. 

1.3.1 Helices

A variety of helical structures can be identified in proteins using X-ray diffraction. A helix can be described by the number of units (amino acid residues) per turn (n) and by its pitch (p), which is the distance that the helix rises along its axis per turn. These parameters are indicated in Figure 8 for a number of helices. In proteins, n is rarely a whole number. 

Start of Figure
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Figure 8 Examples of helices indicating the parameters of pitch (p), number of units per turn (n) and handedness (+ or –). The black circles denote amino acid residues. 

End of Figure
An important point to note is that a helix has a ‘handedness’; that is, if viewed along its axis, the chain turns either in a clockwise direction (right-handed helix) or in an anticlockwise direction (left-handed helix). For example, helices (b) and (d) in Figure 8 are, respectively, right- and left-handed. By convention, the number of repeating units (n) is positive for right-handed helices and negative for lefthanded helices. A number of different helical structures have been identified in proteins. The most common is the α helix, depicted in Figure 9a with details of its conformational parameters. 

Start of Figure
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Figure 9 (a) The right-handed α helix, first described by Linus Pauling in 1951, showing hydrogen bonds between peptide carbonyl groups (C=O) and peptide amino (N–H) groups that are four residues along. There are 3.6 residues per turn (n = 3.6) and the helix has a pitch (p) of 5.4 Å. (b) An extended polypeptide chain illustrating the groups that form hydrogen bonds in the right-handed helix. 

End of Figure
The α helix was discovered by Linus Pauling in 1951, using a model-building approach. It was later identified experimentally in α-keratin, a protein component of skin, hair and nails. The α helix structure is stabilised by hydrogen bonds between peptide carbonyl groups (C=O) and the peptide amino (N–H) groups that are four residues along (Figure 9b). In this way, the full hydrogen bonding capacity of the polypeptide backbone is utilised. Note that the side-chains (R) all project outwards and backwards from the helix as it rises; thus steric interference with the backbone or with other side-chains is avoided. The helix core is tightly packed and stabilised by van der Waals interactions. 

In globular proteins, a helical stretch will, on average, include 12 residues although some proteins include α helices that contain up to 50 residues. 

Start of ITQ
· If a 12-residue stretch of polypeptide adopts an α helix structure, how many turns will it contain and how long will it be? You can answer this question using the values for n and p for the right-handed α helix in Figure 9a. 

· It will contain 3.3 turns and will be 18 Å long.

End of ITQ
Since the hydrophilic polypeptide backbone is optimally hydrogen-bonded to itself and hidden away at the core of the α helix, such regions of secondary structure are commonly seen in proteins that traverse the cell membrane, such as transmembrane receptors and transport proteins. In such cases, the side-chains, which project into the lipid environment, are typically non-polar. 

1.3.2 β pleated sheets

Another common secondary structure is the β pleated sheet, which contains extended stretches of polypeptide chain with hydrogen bonds between neighbouring strands. In parallel β pleated sheet, polypeptide strands run in the same direction (i.e. from N- to C-terminus) whereas in antiparallel β pleated sheet, neighbouring strands extend in opposite directions (Figure 10). 

Start of Figure
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Figure 10 Hydrogen bonding between neighbouring stretches of polypeptide in (a) antiparallel and (b) parallel β pleated sheet structures. Note a difference in the hydrogen bonds, which are offset in the parallel sheet. The side-chains have been omitted for clarity. 

End of Figure
Strands are not fully extended but have a zig-zag shape, which gives the sheet formation, in both parallel and antiparallel structures, a pleated appearance when viewed edge-on (Figure 11). The Cα atoms of successive residues are at, alternately, the top and bottom of each pleat, with the side-chains pointing away from the sheet. Thus there is a two-residue repeating unit, as indicated in Figure 11a, which spans 7 Å. For simplicity, β pleated sheets are often represented as ribbons with arrowheads pointing in the direction of the C-terminus (Figure 11b). 

Start of Figure
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Figure 11 (a) Side-chains of residues in parallel or antiparallel β pleated sheet point away from the sheet, with successive side-chains alternately above and below. The two-residue repeating unit indicated spans 7 Å. (b) A three-stranded antiparallel β pleated sheet, showing the polypeptide backbone only, drawn to emphasise its pleated appearance. 

End of Figure
In globular proteins, antiparallel pleated sheets can contain from two to 15 polypeptide strands, with the average being six strands. A sheet containing six strands is approximately 25 Å wide. Each individual strand can contain up to 15 amino acids, with the average being six. 

Start of ITQ
· What would be the length of a β pleated sheet in which the strands contained six residues?

· The length of the sheet would be 21 Å (3 × 7 Å).

End of ITQ
Parallel β sheets appear to be less stable that antiparallel sheets and rarely contain fewer than five chains. The relative instability of parallel β sheets may be due to the offset in hydrogen-bonding groups between neighbouring strands (Figure 10b). This offset causes some distortion, and hence weakening, in the hydrogen bonds compared to those between antiparallel strands. Mixed parallel and antiparallel β sheets also occur. 

Within the context of the entire peptide chain, regions of β sheet are connected by linking peptide. Figure 12 illustrates the different kinds of connection that can occur between adjacent strands in pleated sheets. In antiparallel β pleated sheet, a simple hairpin turn links successive strands (Figure 12a). There are two options for linking neighbouring parallel strands: the connection can be either a right-handed crossover or a left-handed crossover (Figure 12b and c respectively), but the latter rarely occurs. The connections between strands in β pleated sheet can be very long and can themselves contain elements of secondary structure, such as helices. 

Start of Figure
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Figure 12 Types of linkage between adjacent β sheet strands. (a) Simple hairpins in antiparallel structures. (b) and (c) Crossover connections in parallel β pleated sheets. 

End of Figure
When viewed along its length, a polypeptide strand in a pleated sheet can be seen to also have a slight helical twist to the right. This twist arises from the conflict between conformational stability within chains and that derived from hydrogen bonds between chains. As a consequence, the sheet as a whole is seen to have a right-handed twist. These twisted sheet structures often form the core of globular proteins (Figure 13). 

Start of Figure
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Figure 13 The polypeptide backbones of (a) bovine carboxypeptidase A (pdb file 2ctb) and (b) chicken triose phosphate isomerase (pdb file 1tim). Strands of the β sheets are represented as ribbon arrows, pointing in the direction of the C-terminus, and α helices are shown as cylinders. Note the pronounced right-handed twist of the β sheets in these two enzyme structures. Note also the location of the β sheet structures at the core of the proteins. 

End of Figure
Start of ITQ
· Looking at the structures in Figure 13, are the β pleated sheets parallel, antiparallel or mixed? 

· Carboxypeptidase A contains a mixed parallel and antiparallel β pleated sheet structure and triose phosphate isomerase contains a parallel β pleated sheet structure. 

End of ITQ
1.3.3 Reverse turns and loops

In compact globular proteins, a polypeptide often makes a sharp turn called a reverse turn. For instance, these turns often link adjacent strands in antiparallel β pleated sheet (as represented in Figure 12a). Also known as β bends, reverse turns involve four amino acid residues with a hydrogen bond between the C=O group of the first residue and the N–H group of the fourth (Figure 14a and b). 
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Figure 14 Reverse turns (β bends). (a) Type I β bend. (b) Type II β bend.

End of Figure
Type I and type II β bends differ in respect of the torsion angles for the residues. Looking at the Cα3–N bond in Figure 14a and b, you should be able to confirm that there is a difference of 180º in the torsion angle about this bond (ɸ3) in the type I and type II bends. Notice also that the β bends are tighter than the turn in the α helix structure. The second residue in the turn is frequently proline, which readily adopts the required conformation for such a turn. Another type of turn is the omega loop. This loop contains between six and 16 residues in a compact structure with a pinched-in shape resembling the Greek upper case character Ω (omega) (Figure 15). The side-chains of omega loops fill the inside of the loop. 
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Figure 15 Space-filling model of a polypeptide backbone (side-chains and H atoms not shown) in an omega (Ω) loop structure (residues 40–54 of cytochrome c from tuna (pdb file 3cyt)). 

End of Figure
Reverse turns and omega loops tend to be located at the surface of proteins where they play an important part in the recognition role of proteins, such as the recognition of specific antigens by antibodies. 

1.3.4 Coil conformations

In addition to the repetitive helical and pleated sheet structures, there are other non-repetitive, and therefore more varied, elements of secondary structure called coil conformations. The lack of regular repetitive order in coil conformations does not, however, mean that these structures are disordered or unstable. In fact, it is clear from X-ray diffraction studies of proteins that these regions are consistent in the conformation that they adopt. 

Regions of disorder do exist, however, in some proteins. Sometimes referred to as random coil, such regions may play an important part in the protein's function. For instance, random coil may be involved in the binding of a ligand, with consequent changes in the conformation and activity of the protein. 

1.4 Protein tertiary structure

The term ‘tertiary structure’ when applied to a protein refers to the three-dimensional arrangement of the polypeptide as a whole, i.e. the spatial relationship between its elements of secondary structure. Though it may not be immediately obvious, proteins do follow certain recognisable folding patterns. 

Examination of protein structures resolved by X-ray diffraction and NMR has revealed a variety of folding patterns common to many different proteins. However, even within these folds, distinct substructures or structural motifs, i.e. distinctive arrangements of elements of secondary structure, have been described. The term supersecondary structure has been coined to describe this level of organisation, which is intermediate between secondary and tertiary. The observation that these motifs and protein folds occur in many different proteins, with quite distinct amino acid sequences, indicates that they are not strictly sequence-dependent. Nonetheless, the chemical nature of the component residues (charged, polar or non-polar) is critical in many cases, and your attention is drawn to these. 

1.4.1 Motifs and supersecondary structures

Supersecondary structures or motifs are particular arrangements and combinations of two or three secondary structures, often with defined topology (or connectivity). Table 3 describes some of the most common of these. 

The term ‘motif’ is also used to describe a consensus sequence of amino acids, i.e. a partial sequence common to a number of different proteins, which may or may not adopt similar conformations in the different proteins. 

The coiled-coil structure, in which α helices wrap around each other, is found in some structural proteins, such as myosin and α-keratin. The α helices have a strip of non-polar side-chains along one side, and formation of the coiled-coil is driven by interactions between these residues on the two α helices, causing them to twist around each other. In this way, the hydrophobic residues are buried and the hydrophilic groups extend into the aqueous environment. Although the specific amino acid sequences of myosin and α-keratin are quite different, in each case we can identify patterns of hydrophobic and hydrophilic residues in the linear sequence, which specify the coiled-coil conformation. 

Table 3 describes two different motifs that have been identified in DNA or RNA binding proteins and which interact directly with the nucleic acid. The helix–turn–helix motif is one of the most common DNA-binding motifs. The C-terminal helix fits into the major groove of the DNA and its side-chains interact with the nucleotides in a sequence-specific manner. Thus different DNA-binding proteins will recognise different DNA sequences depending on the amino acid side-chains presented by this helix. The zinc finger motif is another motif commonly found in proteins that bind RNA and DNA. This finger-like structure consists of an α helix and two short antiparallel β strands all held together by a zinc ion, coordinated between two conserved cysteine and two histidine side-chains. Some forms of zinc finger have four cysteine residues bound to the zinc ion. This motif can be repeated many times in a DNA binding protein, with each finger folding independently. It is amino acids in the α helix that interact with the major groove of the DNA duplex. A third DNA-binding motif, not shown in Table 3, is the leucine zipper. In this motif, two identical subunits interact via α helices, forming a short stretch of coiled-coil. The interaction is mediated by hydrophobic interactions between side-chains, notably those of leucine residues. 

1.4.2 Protein fold

Protein folds are often very extensive arrangements, combining elements of secondary and supersecondary structure. Some of the most common protein folds are described in Table 4 with examples of proteins that contain them. Notice that proteins can be conveniently divided into three classes, on the basis of the elements of secondary structure that they contain: all α helix, all β sheet, or mixed α helix and β sheet (α/β). 

1.4.3 Protein domains

An important concept in protein structure is that of the protein domain. In many cases, a single polypeptide can be seen to contain two or more physically distinct substructures, known as domains. Often linked by a flexible hinge region, these domains are compact and stable, with a hydrophobic core. Domains fold independently of the rest of the polypeptide, satisfying most of their residue–residue contacts internally. Typically, two or more layers of secondary structural elements effectively screen the hydrophobic core from the aqueous environment. A minimum size of 40–50 residues is required, though some domains can consist of up to 350 residues. It is estimated empirically that the number of different domain-folding arrangements is limited to approximately 2000 and, to date, half of these have been described. 

The physical resolution of different portions of a polypeptide is often indicative of distinct functions for these domains. For example, Src (pronounced ‘sark’), a kinase that has a key role in intracellular signalling, has four domains: the catalytic activity of the protein resides in two domains (kinase domains) and the other two domains are important for the regulation of this activity (regulatory domains). The functional division of responsibility that domains permit will be examined in relation to some specific proteins later in this course. 

Protein domains in recently evolved proteins are frequently encoded by individual exons within their genes. This observation suggests that such proteins have arisen during evolutionary history by exchange and duplication of exons coding for simpler individual protein modules, structural or functional units that are common to many different proteins. This powerful evolutionary process has been termed ‘domain shuffling’. Figure 16 illustrates how domain shuffling has resulted in the evolution of specialised serine proteases such as factor IX, which is a component of the cascade that produces blood clots in vertebrates, and urokinase and plasminogen, both of which are involved in the lysis of blood clots. Compared to an evolutionarily older serine protease such as the digestive enzyme chymotrypsin, these ‘modern’ proteases have been refined by the acquisition of additional regulatory domains, such as the epidermal growth factor (EGF) domain, a calcium binding domain or so-called ‘kringle’ domains. 
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Figure 16 Domain shuffling in the evolution of serine proteases. Evolutionarily related domains are represented by the same symbol. Two protease domains are common to all four enzymes represented in this schematic. Compared with chymotrypsin, the other kinases have additional domains that are associated with more specialised function and a higher degree of regulation. These domains include one that is homologous to a domain found in epidermal growth factor (EGF), a Ca2+ binding domain and a kringle domain (so called because, with its three looped-out stretches, it resembles a Scandinavian pastry of the same name). 

End of Figure
Domains that have been particularly mobile in protein evolution tend to be smaller (40–200 residues) than the average domain, most likely reflecting physical limits on gene duplication. Typically, they have a core of β strands linked by large loops which often form binding sites for regulatory molecules or substrates. The structures of some such modules are illustrated in Figure 17. Notice that, in the growth factor and immunoglobulin modules, the N- and C-terminal ends are at opposite sides of the structure. This arrangement is quite common among protein modules and facilitates the linking of modules in extended series. 
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Figure 17 The structures of three protein modules that are common to many different proteins.

End of Figure
1.4.4 Covalent cross-linkages stabilise protein structure

Proteins that are secreted by the cell, or are attached to the extracellular surface of the plasma membrane, can be subject to more extreme conditions than those experienced by intracellular proteins. Often, covalent cross-linkages stabilise these proteins by connecting specific amino acids within a polypeptide or between polypeptide chains in multisubunit proteins (see below). Typically such a linkage will be a covalent sulfur–sulfur bond which forms between the –SH groups of two cysteine residues that are in close proximity in the folded protein (Figure 18). Called disulfide bonds, these covalent linkages do not affect the conformation of the protein, and are only formed when the folding is complete. They act, therefore, to secure the conformation and increase the stability of the protein. 
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Figure 18 An example of how the formation of a disulfide bond between cysteine sidechains stabilises existing structures in a polypeptide. These bonds can form between two polypeptide strands or between residues in the same polypeptide. 

End of Figure
1.5 Quaternary structure

This level of protein structure applies only to those proteins that consist of more than one polypeptide chain, termed subunits. In such proteins, sometimes referred to as multisubunit proteins, the same kinds of non-covalent interaction that stabilise the folded polypeptides also specify the assembly of complexes of subunits. Quaternary structure refers to the way in which the subunits of such proteins are assembled in the finished protein. 

Multisubunit proteins can have a number of identical (homomeric) or non-identical (heteromeric) subunits. The simplest multisubunit proteins are homodimers – two identical polypeptide chains that are independently folded but held together by non-covalent interactions. An example of a homodimeric protein is the Cro repressor protein from bacteriophage lambda (Figure 19), which turns off expression of specific genes in its bacterial host. Haemoglobin, the red blood cell protein responsible for carrying molecular oxygen, contains two each of two different subunits, termed α and β globin (Figure 20). Note the symmetry of the two subunits in both these quaternary structures. 
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Figure 19 Bacteriophage lambda Cro repressor protein is a homodimer. It is represented here in three ways. (a) Ribbon format, with the subunits coloured differently. (b) Space-filling format with the subunits coloured as in (a). (c) Ribbon format with the polypeptide backbone coloured according to secondary structure: α helix, red; β sheet, cyan; turn, green; random coil, white. (Based on pdb file 1cop) 

End of Figure
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Figure 20 Space-filling model of human haemoglobin in its deoxygenated form (deoxyhaemoglobin). The two α and two β subunits are indicated and are coloured differently. The haem complexes (coloured red) that associate with each subunit are only visible in the α1 and β2 subunits in this representation. (Based on pdb file 1a3n) 

End of Figure
Some proteins can assemble to form long filaments. Two such proteins are actin and tubulin. These proteins exist in a soluble globular form that can assemble into long helical filaments called microfilaments (actin) and microtubules (tubulin) (Figure 21). Both these proteins are important components of the cytoskeleton, and the filaments that they form can extend from one end of a cell to another (Figure 21c). Dynamic assembly and disassembly of microfilaments and microtubules is integral to the responsive nature of the cytoskeleton during many cell processes such as cell division, intracellular transport, and cell movement and adhesion. 
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Figure 21 (a) Actin subunits can assemble into helical filaments called microfilaments. (b) Microtubules consist of repeating tubulin heterodimers (α and β subunits). (c) Microtubules (stained red) in a cultured mammalian cell during interphase; chromosomes are stained blue. 

End of Figure
1.6 Fibrous proteins

Most of the proteins described so far have been globular proteins. There are, however, some distinctive features that characterise fibrous proteins and we present here a general overview of these. Elongated fibrous proteins frequently play a structural role in the cell. They do not readily crystallise but tend to aggregate along their long axis to form fibres. X-ray diffraction studies of these fibres, in contrast to analysis of protein crystals, provides only very limited information on the structure of the protein. 

The overall shape and structure of fibrous proteins are determined principally by their secondary structure. α-keratin is an intracellular globular protein comprising two long subunits, the α-helical portions of which form a coiled-coil structure as already described (Table 3). Through interactions between globular domains at either end of the helical region, this protein can form long filaments. These structures are termed intermediate filaments and, along with microtubules and microfilaments, comprise a cell's cytoskeleton. Notice that the basic building blocks of microtubules and microfilaments are globular proteins, whilst intermediate filaments are composed of fibrous units. 

The extracellular matrix (connective tissue), which can be thought of as the glue that holds cells together in a tissue, contains many fibrous proteins. Principal among these is collagen, which consists of a triple helix of three polypeptide chains (Figure 22). A single collagen molecule is 300 nm long and these units can assemble into many long overlapping strands to form strong cable-like structures that support and protect cells. The extracellular matrix derives much of its strength from collagen. In contrast, other extracellular matrix components such as elastin contribute elastic qualities. Elastin's polypeptide constituents are covalently cross-linked, creating a non-rigid net-like structure, which permits a degree of distortion or deformation in the tissue. 
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Figure 22 The triple helix structure of collagen. Collagen is a long (300 nm) rod-like protein consisting of three polypeptide chains wound together in a triple helix. Many such molecules are cross-linked in long fibres in the extracellular matrix. These collagen fibres are very strong and can not be extended, giving strength and resistance to the extracellular matrix. 

End of Figure
1.7 Summary of Section 1

1. Protein structure is described in terms of four levels of organisation: primary, secondary, tertiary and quaternary.

2. The primary structure of a protein is the sequence of amino acids of which it is composed and ultimately determines the shape that the protein adopts. 

3. The peptide group formed between two amino acid residues has a rigid planar structure and these planar groups can rotate around the Cα–N and Cα–C bonds. In a polypeptide, the angles of rotation about these bonds (ɸ and ψ respectively) specify the conformation of the backbone. A Ramachandran plot of ɸ versus ψ, based on ‘allowed’ and ‘outer limit’ distances for contact between atoms, identifies those conformations that are sterically favourable or unfavourable. 

4. A polypeptide will tend to fold in such a way as to give a conformation that minimises its free energy (i.e. the most stable conformation). 

5. Secondary structure refers to the conformation adopted by the polypeptide backbone of a protein and includes helices, pleated sheets and turns. Secondary structures are stabilised by non-covalent interactions between atoms and groups in the polypeptide, namely hydrogen bonds and van der Waals attractions. Supersecondary structures or motifs are particular arrangements and combinations of two or three secondary structures, often with defined topology and three-dimensional structure. 

6. Tertiary structure describes how the polypeptide folds as a whole. There are certain distinct folding patterns common to many different proteins. Discrete independently folded structures within a single polypeptide are called domains. Domains are compact and stable, with a hydrophobic core, and frequently have distinct functions. 

7. Quaternary structure applies only to those proteins that consist of more than one polypeptide chain (subunit) and describes how subunits associate with each other. 

2 Assembling a functioning protein

2.1 Introduction

Polypeptides are synthesised by translation of messenger RNA (mRNA) on the ribosome, either in the cytosol or in association with the endoplasmic reticulum (rough ER). The polypeptide starts to adopt elements of secondary structure and to fold even as it is being synthesised, and certain covalent modifications of the polypeptide can also occur while translation is ongoing. Initial folding is rapid (of the order of a few seconds). Some proteins require cofactors, which are non-protein components essential for their function that associate with the polypeptide, via non-covalent interactions, as it folds. 

The structure that results from this initial rapid folding is more open and flexible than the final folded polypeptide and is referred to as a molten globule. When synthesis is complete, the structure is precisely adjusted and refined and any further covalent modifications of the protein occur at this stage. Fine-tuning of the polypeptide conformation is a much more lengthy process than the initial folding and in many cases is facilitated by specialised proteins called chaperones. For multisubunit proteins, assembly of the subunits occurs after the individual polypeptides have folded. 

The result of all these processes is a mature functional protein (Figure 23). 
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Figure 23 Assembly of a functional protein. As it is being synthesised on the ribosome, the nascent polypeptide starts to fold, and rapid formation of secondary structures occurs (a). As the polypeptide folds, cofactors become incorporated (b). Some covalent modifications can also occur at this stage. With release of the newly synthesised polypeptide from the ribosome (c), further covalent modifications, such as glycosylation and formation of disulfide bonds, occur and the polypeptide undergoes the relatively lengthy process of fine-tuning of its structure (d). This process is facilitated by chaperones and involves many small adjustments of the amino acid sidechains in the structure. Finally, for multisubunit proteins, when the correct tertiary structure of the polypeptide is achieved, it assembles with other subunits to give a mature functional protein (e). 

End of Figure
2.2 Chaperones help polypeptides to fold

We have seen how steric restrictions and energetic considerations specify preferred polypeptide conformations and ultimately determine a protein's three-dimensional structure. It is possible, of course, that there may be more than one energetically favourable conformation for a polypeptide. This is particularly true for large polypeptides. For a protein with a specific function in the cell, misfolding will affect its activity. Indeed, the misfolded protein may actually have some aberrant undesirable activity. To counter any damaging effect of misfolded proteins, mechanisms exist to facilitate correct folding or refolding of proteins and the removal/degradation of misfolded proteins. 

Chaperones are proteins whose function it is to ensure correct folding of other proteins. There are two main families of chaperones in eukaryotic cells – hsp60 and hsp70 proteins – with different forms occurring in the cytosol, mitochondria and the endoplasmic reticulum, where they are responsible for refolding different proteins. The hsp nomenclature derives from the term ‘heat-shock protein’ which reflects the role of these proteins in the cellular response to elevated temperature. Incidences of protein misfolding increase when the cell experiences modest increases in temperature, and the cell responds by increasing expression of hsps to facilitate refolding. 

Start of ITQ
· Why might an increase in temperature encourage the misfolding of proteins?

· Increased temperature would disrupt hydrogen bonds and increase molecular movements, thereby increasing the risk of incorrect folding. 

End of ITQ
Despite the presence of chaperones, misfolded proteins do occur and recognition and degradation of these aberrant molecules is essential for the health of the cell. Experimental evidence suggests that up to one-third of newly synthesised polypeptides are degraded rapidly. The protease responsible for degrading these proteins is the proteasome, a large multisubunit protein that can chop up protein substrates into small peptide fragments. 

2.3 Some proteins require small-molecule cofactors

Cofactors are non-protein substances that complex with particular proteins and are essential for their activity. They include prosthetic groups and coenzymes. 

Coenzymes are organic molecules that bind only temporarily to an enzyme. They are often derivatives of a mono- or dinucleotide, e.g. nicotinamide adenine dinucleotide (NAD), and may serve as a vehicle for a chemical group generated or required in an enzyme-catalysed reaction. In contrast to coenzymes, prosthetic groups are permanently associated with a protein to give a functional complex. 

The activity of up to a third of all enzymes depends on the presence of a metal ion. In some cases, the ion associates loosely with the protein and in others it remains tightly bound for the lifetime of the enzyme (i.e. as prosthetic groups). The latter group of enzymes are referred to as metalloenzymes and in these the prosthetic group is typically a transition metal ion such as Cu2+, Fe2+, Fe3+, Zn2+ or Mn2+. Other enzymes are activated on binding metal ions. Such interactions are usually weaker than those in metalloenzymes and generally involve ionic forms of the alkali and alkaline earth metals such as Na+, K+, Mg2+ and Ca2+. 

Many respiratory pigments contain more complex prosthetic groups. An example is the haem porphyrin ring in haemoglobin, which contains eight heterocyclic rings (i.e. rings comprising one or more atoms other than carbon) (Figure 24). The haem ring structure is a derivative of porphyrin and has four N atoms arranged around an iron atom in the Fe(II) oxidation state. Together with a fifth N from a histidine side-chain of the protein, these N atoms serve to coordinate the Fe2+ ion. O2 binds to the Fe2+ on the opposite side of the porphyrin ring from the histidine residue. Each of the four subunits of haemoglobin has an associated haem group, and it is this group that gives haemoglobin its red colour. 
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Figure 24 One type of haem porphyrin ring (ferroprotoporphyrin IX). This prosthetic group is tightly bound to each of the four subunits of haemoglobin. The iron atom, in the Fe(II) oxidation state, is coordinated by four N atoms in the ring structure, and an N atom in a His side-chain of the protein. An O2 molecule binds to this prosthetic group as shown. 

End of Figure
There are a number of different types of haem groups (Figure 24 shows one example) and several genetic defects affect their biosynthesis, resulting in diseases known as porphyrias. Famously, King George III of England (1738–1820) is believed to have suffered from such a disease. Porphyrias are characterised by the accumulation of porphyrin and/or its biosynthetic precursors. Excretion of these compounds in individuals suffering from a porphyria gives their urine a characteristic red colour. Other symptoms include psychiatric disturbance caused by neurological dysfunction. 

2.4 The covalent modification of proteins

Many proteins are modified by the covalent linking of groups that can affect their function and/or localisation in the cell. Such covalent modifications occur after synthesis and folding of the polypeptide component. The main types of covalent modification and their functions are listed below. 

1. Methylation/acetylation of amino acids at the N-terminal tails of histone proteins in eukaryotes can affect the structure of chromatin and ultimately gene expression. Prokaryotes also use methylation as a means of directly regulating protein activities. For example, the methylation of specific proteins controlling flagellar movement is an important mechanism for the regulation of bacterial chemotaxis. 

2. Phosphorylation of proteins (catalysed by specific kinases) is a key regulatory mechanism in eukaryotic intracellular signalling and in metabolic pathways. 

3. Lipidation of proteins (i.e. addition of lipid tails) targets them to cell membranes (plasma membrane and cell organelles).

4. Glycosylation is a feature of many extracellular proteins, whether secreted or on the cell surface, and may offer the protein some protection against proteases. 

These modifications are catalysed by specific enzymes and can be reversed, permitting regulation of the protein's function. This reversibility is particularly significant with respect to protein phosphorylation (discussed further in Section 5.3). 

2.4.1 Glycosylation

Glycosylation of a protein entails the covalent attachment of carbohydrate groups (typically oligosaccharides) and the resulting modified protein is called a glycoprotein. Covalent attachment of sugar residues to proteins occurs in the endoplasmic reticulum (ER) and Golgi apparatus. The oligosaccharide chains usually contain less than 15 sugar residues but are very diverse and are often branched. They are linked to the protein component via either the –OH groups of serine and threonine, termed O-glycosylation, or the –NH2 group of asparagine, termed N-glycosylation. 

Few proteins ultimately destined for the cytosol are glycosylated. However, many proteins that are either secreted into the extracellular space or localised to noncytosolic membrane surfaces (e.g. the extracellular surface of the plasma membrane or the lumenal surface of the Golgi or lysosomes) are glycosylated. Generally these proteins are synthesised in the rough ER. Glycosylation of newly synthesised polypeptides actually affects their folding. 

How does glycosylation affect the protein and what is the function of this type of modification? Glycosylation may increase the protein's resistance to proteases. 

The oligosaccharide chains do not fold up into compact structures in the way that proteins do; they tend, therefore, to occupy more space and restrict access of proteases. In the same way, at the cell surface, glycosylated proteins may offer some protection to the cell. They also mediate cell–cell adhesion and specific molecular interactions involved in cell–cell recognition. For example, the recognition of carbohydrate groups by a family of proteins called selectins is essential for cell–cell adhesion. 

2.4.2 Lipid-linked proteins and lipoproteins

Lipid-linked proteins are proteins that have been covalently modified by addition of one or more lipid groups. Note that the term lipoprotein, though sometimes used to describe lipid-linked proteins, is strictly applicable only to those proteins that associate with lipids non-covalently. These proteins have quite distinct functions. Lipoproteins serve to transport triacylglycerols and cholesterol in the blood plasma. We will not be discussing them any further at this point. 

In lipid-linked proteins, the lipid component serves to anchor the protein in membranes. Some membrane-associated proteins are initially synthesised as soluble proteins in the cytosol before covalent addition of a lipid group. 

Start of ITQ
· Why does the addition of a lipid group cause proteins to locate to membranes?

· The lipid groups are hydrophobic, so readily insert into membranes.

End of ITQ
Proteins form covalent attachments to three different types of lipid, which are listed below. The structures of these lipid groups and the nature of their attachments to proteins are indicated in Figure 25. 
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Figure 25 Lipidation of proteins. Some proteins are modified by the covalent attachment of (a) isoprenoid groups, (b) fatty acyl groups or (c) glycoinositol phospholipids (GPIs). 

End of Figure
· Isoprenoid groups such as farnesyl and geranylgeranyl residues: the modified protein is described as ‘prenylated’. 

· Fatty acyl groups such as myristoyl and palmitoyl residues: the modified protein is described as ‘fatty acylated’. 

· Glycoinositol phospholipids (GPIs): the modified protein is described as ‘GPI-linked’. 

Prenylation and fatty acylation localise proteins to the cytosolic surface of the plasma membrane or, in the case of myristoylated proteins, to membranes of the endoplasmic reticulum and the eukaryotic nucleus. In contrast, GPI linkages anchor proteins to the extracellular surface of the plasma membrane. Prenylation of proteins in the nucleus can target them to the inner surface of the nuclear membrane. Such is the case with lamins, components of the nuclear lamina. 

The most common site of prenylation in proteins is via a thioether linkage (–S–) to a cysteine residue near the C-terminus of the polypeptide chain (Figure 25a). This critical Cys is the fourth from last residue at the C-terminus and is followed directly by two aliphatic (non-polar) residues. Thus the terminal sequence is given by CaaX, where ‘a’ denotes an aliphatic residue and ‘X’ is any amino acid residue. 

The type of isoprenoid group that is linked to the protein depends on which amino acid X is. Thus, if X is Ala, Met or Ser, a farnesyl group is added at the Cys, whereas, if X is Leu, a geranylgeranyl group is added. With addition of the isoprenoid group, the aaX tripeptide is proteolytically removed and the terminal carboxyl group (belonging to the Cys) is esterified with a methyl group. The isoprenoid group, as well as anchoring the protein to a membrane, also seems to facilitate interaction of its attached protein with other membrane-associated proteins. 

In fatty acylated eukaryotic proteins, the fatty acid groups that are covalently linked to the protein component are either myristic acid, a saturated C14 fatty acid, or palmitic acid, a saturated C16 fatty acid. An amide linkage connects myristic acid to the amino group of the protein's N-terminal glycine residue, whereas palmitic acid is connected to a specific Cys residue via a thioester bond (–CO–S–; Figure 25b). Myristoylation occurs during protein synthesis (translation) and this modification tends to remain for the lifetime of the protein. In contrast, palmitoylation occurs in the cytosol after the protein has been synthesised, and is reversible. 

As well as serving to anchor the protein in membranes, palmitoylation affects protein–protein interactions and activity; the reversible nature of this modification permits regulation of a specific protein in, for example, intracellular signalling. 

The complex chemical structure of the GPI anchor is illustrated in Figure 25c, in which the molecular components are identified. A phosphatidylinositol unit, which contains two fatty acyl chains, is linked via a glycosidic bond to one end of a tetrasaccharide and the other end of the tetrasaccharide is linked via a phosphoester bond to phosphoethanolamine. This whole structure is linked to the protein by means of an amide linkage between the amino group of phosphoethanolamine and the C-terminal carboxyl group of the protein. The fatty acyl groups and the sugars of the tetrasaccharide vary depending on which particular protein is modified in this way. The GPI anchor is added to newly synthesised proteins in the rough endoplasmic reticulum. 

2.5 Summary of Section 2

1. A newly synthesised polypeptide can undergo a number of modifications and adjustments before it has the structure and activity of a mature functional protein. Some proteins require non-protein components, termed cofactors, for their function. 

2. A newly synthesised polypeptide undergoes rapid initial folding. Fine-tuning of the conformation is much slower and is often facilitated by specialised proteins called chaperones. 

3. Covalent modifications of proteins include glycosylation, addition of lipid groups, methylation or acetylation, and phosphorylation. Most covalent modifications of proteins occur after translation; however, myristoylation occurs during translation. 

4. Glycosylated proteins are generally destined for secretion or are localised at the extracellular surface of the cell membrane. Lipid modifications serve to anchor proteins in membranes. 

3 Protein domains

3.1 Introduction

That proteins contain functionally and physically discrete modules or domains is an important principle, one that will be reinforced as we examine the roles of specific proteins in a variety of different cellular processes. 

There are several advantages conferred by multidomain protein architecture:

1. Creation of catalytic or substrate-binding sites These sites are often formed at the interface between two domains, typically a cleft. Movement of the domains relative to each other allows the substrate to bind and excludes the solvent to create the environment necessary for catalysis. 

2. Segregation of function Different domains of a protein often have distinct functions. Figure 26 shows a single subunit of the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase. The subunit consists of two domains, one that binds the substrate (glyceraldehyde 3-phosphate) and one that binds the NAD coenzyme. Segregation of function in this way permits the swapping of function by swapping of domains. Thus numerous NAD-dependent dehydrogenases share similar domains for binding of NAD, whilst having distinct substrate-binding domains. 

3. Multifunctional proteins A multidomain protein may have more than one function, often related, and each function is performed by a distinct domain. For example, E. coli DNA polymerase I has both polymerase activity, and two kinds of exonuclease activity, all of which are required for DNA replication and all of which reside on distinct domains of this protein. 
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Figure 26 A single subunit of human glyceraldehyde 3-phosphate dehydrogenase showing the substrate binding domain (yellow) and the NAD binding domain (green) with an NAD molecule bound in the latter (white). 

End of Figure
Start of ITQ
· Why might it be advantageous to have two enzyme activities on the same protein?

· Where two activities are required at the same time and in the same place, as in the case of the polymerase and exonuclease activities in DNA polymerase I, it is advantageous to have them on the same protein. The cellular process in which they are involved (DNA replication in this case) will be more efficient as all the necessary activities are ‘on hand’ and are present in equivalent quantities. 

End of ITQ
Broadly speaking, domains have a structural, catalytic or binding/regulatory function. Catalytic function in proteins will be discussed in detail later in this course. 

3.2 Structural domains

Structural domains can serve as spacers, which position other domains in an appropriate orientation or location, or they may permit movement of domains relative to each other. Examples of domains that function as spacers are the heavy and light immunoglobulin constant domains which ‘present’ the working end of the immunoglobulin, i.e. the variable domains, for binding to target antigen (Figure 27). 
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Figure 27 Immunoglobulin domains. The heavy and light chains of the immunoglobulin molecule both contain variable (VH and VL) and constant (CH and CL) domains. The variable domains make up the antigen binding site. 

End of Figure
3.3 Binding domains in intracellular signalling proteins

The study of intracellular signalling pathways has highlighted the importance of multidomain architecture in protein function and some of the best-characterised binding/regulatory domains are those of signalling proteins. 

Signalling pathways serve to communicate extracellular signals, usually recognised and transduced by specific membrane proteins, to effector proteins inside the cell and hence to elicit an appropriate response. Proteins in a signalling pathway are therefore required to interact with both upstream and downstream components via their specific binding domains. Many such interactions are regulated by covalent modification of the interacting proteins, usually phosphorylation. The modular nature of such proteins means that a single signalling protein might bind to a number of other mediators and there is increased potential for modulation of signalling. 

Table 5 details some of the key binding domains of signalling proteins and the motifs that they recognise. 

Start of Table
Table 5 Binding domains in signalling proteins and the motifs that they recognise.

	Domain
	Full name
	Binds to:

	SH2
	Src homology 2 domain
	phosphorylated tyrosine (phosphotyrosine)

	SH3
	Src homology 3 domain
	proline-rich motif

	PTB
	phosphotyrosine binding domain
	phosphotyrosine

	PH*
	pleckstrin homology domain
	phosphorylated inositol phospholipids

	PDZ
	(None; the name derives from three proteins in which the domain was first identified.)
	specific (~5-residue) motifs at C-terminus or at the end of β hairpin loops


*Note that the PH domain does not recognise another protein but binds to phosphorylated lipid components of the plasma membrane on the cytosolic surface. 

End of Table
Though these binding domains recognise certain motifs, the specific interaction between individual proteins is determined by the special context of the motif within the peptide. PDZ domains are often found in so-called ‘scaffold’ proteins. Typically a scaffold protein has several such domains, each of which recruits a specific protein to the complex. 

As well as domains that specify interactions with other proteins, many signalling proteins also contain domains with enzyme activity (e.g. kinases, phosphatases). These enzymatic domains may act on proteins recruited by binding domains, thereby regulating their activity. Enzyme activity in one domain of a protein may also be directed at another domain in the same protein (e.g. autophosphorylation). 

In these ways, a complex network of interactions can build up in which there is potential for manipulation of activities and integration of several signalling pathways. 

3.4 The functional domains of Src

To illustrate some of the principles of multidomain protein function, we will use as an example, the Src protein, a very well-characterised tyrosine kinase. As described earlier, Src contains four domains: two kinase domains, which together comprise the catalytic component of this protein, and two distinct binding/regulatory domains. The binding domains are of the SH2 and SH3 types. The identification of domains in other proteins, homologous to those in Src, led to the ‘Src homology’ nomenclature. If we represent the amino acid sequence of Src in a linear form, the domains can be mapped as indicated in Figure 28. 
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Figure 28 Representation of the tyrosine kinase Src, showing the linear map of its domains. The N-terminus is fatty acylated. The locations of intramolecular interactions (described in the text) are indicated. 

End of Figure
Start of ITQ
· Note that the N-terminus of Src has a fatty acyl chain attached. Where do you think Src is located in the cell?

· Src is anchored to the cytosolic surface of the plasma membrane.

End of ITQ
The general domain structure depicted in Figure 28 is common to all members of the Src family of tyrosine kinases. The conformation of the protein kinase fold of Src differs between ‘on’ (catalytically active) and ‘off’ (inactive) forms. The protein kinase domain is extremely well conserved, not only among tyrosine kinases, but also among the family of serine/threonine kinases. A marked similarity in the general three-dimensional structure of the kinase fold in its ‘on’ state in these enzymes is reflected in their common catalytic activity. 

In the three-dimensional schematic representation of Src (Figure 29), the kinase domain can be seen to comprise two distinct lobes or subdomains. The smaller N-terminal lobe (N lobe) is composed of a five-stranded β sheet and one prominent α helix (called helix αC). The larger C lobe is predominantly helical. Figure 29b also shows the substrates for the kinase, namely ATP and a stretch of peptide sequence containing a tyrosine residue, in their appropriate binding sites. ATP binds in a deep cleft between the two lobes and the peptide binds across the front of the ATP binding pocket, close to the terminal (or gamma, γ) phosphate of the ATP. Close to the peptide substrate is a loop termed the ‘activation loop’. 
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Figure 29 A schematic showing the regulation of Src tyrosine kinase between active and inactive states. (a) The inactive conformation is stabilised by intramolecular interactions between the SH2 domain and phosphorylated Tyr 527 in the C-terminal tail and between the SH3 domain and a specific sequence in the link between the SH2 domain and the kinase domain. (b) In the switch to the active conformation, these interactions are disrupted and the SH2 and SH3 domains dissociate and bind to other specific ligands. The inhibitory phosphate group on Tyr 527 is removed and Tyr 416 is phosphorylated. As a result, the activation loop adopts an open conformation and the peptide substrate can bind to the C lobe of the kinase domain. (Adapted from Huse and Kuriyan, 2002.) 

End of Figure
How do the SH2 and SH3 domains regulate Src's kinase activity? The basis for the regulatory activity of these domains is their specificity for particular binding motifs (Table 5). In the inactive form of the enzyme, a tyrosine near the C-terminus (Tyr 527) is phosphorylated and is bound to the SH2 domain (Figure 29). This interaction positions the SH3 domain so that it binds to an internal proline-rich motif in the region linking SH2 to the kinase domains. These intramolecular interactions stabilise an inactive conformation of the kinase. 

Src is activated when the SH2 and SH3 domains bind specific ligands. These ligands, components of a signalling cascade in which Src participates, bear the specific motifs recognised by the SH2 and SH3 domains and compete with the internal binding sites. Thus the SH2 domain binds to a ligand containing a phosphorylated tyrosine residue and the SH3 domain recognises and binds to a proline-rich domain in another signalling protein. Binding of the SH2 and SH3 ligands disrupts intramolecular interactions and permits removal of the inhibitory phosphate from Tyr 527. With phosphorylation of a tyrosine residue in the activation loop (Tyr 416), this loop is stabilised in an open extended form that permits binding of the peptide substrate, and the enzyme is fully activated. 

3.5 Summary of Section 3

1. Protein domains allow segregation of different functions in the same protein. They can have a binding function, a structural function or a catalytic function. 

2. Binding domains mediate interactions between proteins of related function (such as those in a signalling cascade) and often are important in regulation of activity. Interactions via these binding domains are often dependent on the phosphorylation state of one of the binding partners. Examples of binding domains in signalling proteins include SH2 and SH3 domains. 

3. The tyrosine kinase Src contains an SH2 and an SH3 domain. These domains regulate the kinase activity of Src, which is associated with two further domains of the protein. Activation of Src kinase activity requires removal of an inhibitory phosphate group from a tyrosine residue near the C-terminus and phosphorylation of another tyrosine residue in the activation loop. These events can occur only if intramolecular interactions are disrupted by binding of the SH2 and SH3 domains to other specific ligands. 

4 Protein families and structural evolution

4.1 Introduction

The availability of genomic sequence data from every major taxonomic group of organisms on Earth has allowed extensive comparisons to be made between their protein-coding regions, with over 800 000 protein sequences from these organisms being available for comparison in 2003. From these comparisons, it has become apparent that there is extensive homology between the amino acid sequences of many proteins, even between apparently distantly related organisms. In some proteins, this homology extends across the entire protein; in others, it lies within small regions called conserved domains. 

The biochemical function of almost 80% of these conserved domains is known, e.g. the ATPase domain or the lipase domain. This means that for any particular protein, it is possible to predict aspects of its biochemical function solely by examining the domains that it contains. Sequence comparisons are therefore a powerful predictive tool and are performed routinely in molecular research. 

For example, when the genomic DNA of an organism becomes newly available, comparative analysis with sequences from other organisms allows the function of most of the test organism's proteins to be predicted instantly. In the case of clinically important bacteria or viruses, this knowledge can allow rapid identification of drug or vaccine targets. Knowing the functional domains within a protein does not, of course, necessarily tell you what function that protein plays within a cell. For example, knowing that a protein is an ATPase does not tell us anything about what other proteins it interacts with in the cell or in which pathways it functions. 

4.2 Amino acid sequence homologies and why they occur

Consider two genes encoding proteins that have 50% of their amino acid sequence in common.

Start of ITQ
· How can this sequence homology be explained in terms of evolution?

· The most parsimonious explanation is that the similarities result from the fact that the two organisms share a common evolutionary past and that the genes encoding the proteins in each of the organisms arose from a common ancestral gene. 

End of ITQ
Through the process of natural selection, randomly occurring DNA mutations that alter amino acids within the protein and have a detrimental effect upon the organism are selected against, i.e. they are not transmitted to the next generation and are lost from the population. As a consequence of natural selection, differences can accumulate between the two proteins; some of these changes might enhance or modify function, some might have no effect, but critical amino acids will remain unaltered. Over many millions of years of evolution, this process results in proteins in which regions that are critical for function are highly conserved. 

4.3 Conserved protein domains

By comparing the extensive protein databases, it is possible to identify many thousands of conserved domains. For example, within eukaryotes, over 600 domains have been identified with functions related to nuclear, extracellular and signalling proteins. The majority of conserved domains are evolutionarily ancient, with less than 10% being unique to vertebrates. 

Figure 30 shows the amino acid sequence of the SH2 domains of several tyrosine kinases belonging to the so-called Src family. Src, described in the previous section, was the first tyrosine kinase to be discovered and has given its name to a family of nine homologous proteins. The SH2 domain is common to all these kinases and is highly conserved between species. This domain is found only within eukaryotic proteins and the number of SH2-containing proteins has increased in more recently evolved eukaryotes compared to more evolutionarily ancient species. Thus only one SH2-containing protein has been found in the yeast Saccharomyces cerevisiae and two in Arabidopsis thaliana, whereas Caenorhabditis elegans and Drosophila melanogaster have about 80 proteins with SH2 domains, and mammals have over 330. 
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Figure 30 Partial amino acid sequence alignment of the SH2 domains from four members of the Src family of tyrosine kinases: Src, Fyn, Lck and Lyn. For Src and Fyn, amino acid sequence data for several different species are included. For each protein, numbering is based on the most N-terminal amino acid in the polypeptide being numbered 1. Amino acid identities are highlighted in green. 

End of Figure
In Figure 30, the sequences of the SH2 domain of four different Src family kinases, as well as homologous proteins in other species, have been aligned; that is, equivalent residues have been represented in the same vertical column with regions of sequence identity highlighted. Notice that the sequences for the Src SH2 domain from human, mouse and chicken are identical apart from residue 85 in chick, whereas that of Drosophila has 55 residues out of the 108 in the sequence that are identical to those in human Src (51% identity). A sequence identity level of 30% or more is generally indicative of homology between two proteins. In some cases, residues are conservatively ‘substituted’ in a homologous protein by others that have similar physical and chemical properties. Thus the structures that such proteins adopt may not differ greatly. 

Start of ITQ
· Tyrosine (Y) has a bulky aromatic ring in its side-chain and is uncharged at neutral pH. Which other amino acids might be conservatively substituted for tyrosine? 

· Phenylalanine (F) or tryptophan (W) might replace tyrosine without significantly affecting the folding of the protein.

End of ITQ
Start of ITQ
· Consider the first 15 amino acids of the human and Drosophila Src SH2 domains in Figure 30. Try to identify some of those amino acid residues that are nonidentical in the two sequences but that are similar in terms of their chemical properties and structure. 
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The ‘+’ signs denote those amino acids that are similar but not identical. 

End of ITQ
In some cases, conservation between two proteins extends across the entire length of the protein, but in many cases, the regions of conservation are scattered throughout its length. This distribution results from domain shuffling, wherein segments of genes are duplicated, rearranged or swapped, as discussed in Section 1.4 and illustrated in Figure 16. 

4.4 Predicting conformation from sequence

Given the amino acid sequence of a protein, it is possible to use computational methods to try to fit the sequence into folding patterns. This operation is called ‘threading’. Different conformations can be ranked according to how well they accommodate the sequence; that is, the most stable conformation is ranked highest. Of course, this technique can only be used for those folds that have been definitively described by X-ray diffraction or NMR, and the structure of those proteins whose sequence does not conform to the restrictions of any known folding patterns must be determined experimentally. 

4.5 Summary of Section 4

1. Proteins that serve similar functions often have similar amino acid sequences. The sequence of a protein can point to a particular function and can also be used to predict protein conformation. 

2. Homologous proteins contain statistically significant (i.e. above random) similarities in their amino acid sequences.

3. The SH2 domain is an example of a domain that is highly conserved across different eukaryotes and is common to many different proteins. 

5 Dynamic proteins

5.1 Introduction

In some ways, proteins can be thought of as molecular machines, that through evolution have become highly specialised and efficient. Despite the somewhat static representations of proteins that you have met so far, proteins are in fact dynamic molecules. Not only are there internal movements, with conformational changes that are integral to protein function and regulation of function, but proteins, by virtue of their specific interactions with other cellular components, are essential to all the dynamic processes that constitute the life of a cell. 

In this section, we are going to consider ways in which proteins can function in a responsive and interactive way, and we will try to relate such dynamic activity to protein structure. Given the vast number of different proteins, this discussion is far from exhaustive and only a few key well-characterised proteins have been chosen to illustrate the basic concepts. 

5.2 All proteins bind other molecules

All proteins bind to other molecules (generically termed ligands). Ligands that can bind to proteins include: 

· ions, e.g. Ca2+; 

· small molecules, e.g. H2O, O2 and CO2, glucose, ATP, GTP, NAD; 

· macromolecules, i.e. proteins, lipids, polysaccharides, nucleic acids.

These interactions are specific and key to the protein's function and, of course, are critically dependent on the conformation of the protein. As we have seen with Src, protein conformation can be plastic; that is, proteins shift and adapt in response to interactions with specific ligands, thereby changing their activity and their capacity for further interactions. 

Regardless of the nature of the ligand, the following general principles apply to the binding activity of proteins.

1. The interaction between a protein and a ligand is always specific; in other words, the protein discriminates between many different molecules and binds only one particular molecule or one of a number of very closely related (i.e. chemically and structurally similar) molecules. 

2. Interactions are driven by the formation of non-covalent bonds, i.e. hydrogen bonds, ionic bonds, van der Waals forces and/or hydrophobic interactions. 

3. Protein–ligand interactions range from weak and transient to strong and persistent, depending on the summative strength of the non-covalent bonds. Ligands that bind strongly tend to ‘fit’ the protein particularly well, like the correct piece of a jigsaw, thereby maximising the number of non-covalent bonds that can form between the ligand and the amino acid residues of the protein. 

4. The part of the protein that binds the ligand is called the ligand binding site. A protein may have binding sites for more than one ligand, though they usually are located in different parts of the protein. 

5. Ligand binding sites are often clefts or ‘pockets’ at the protein surface and can be formed by amino acids from different parts of the polypeptide when it folds (Figure 31). 

6. A measure of the strength of binding of a ligand to a protein is given by the equilibrium dissociation constant, (KD). 
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Figure 31 Ligand binding sites, which are often formed in clefts or pockets on the protein surface, can be formed by amino acid residues contributed by different parts of the linear polypeptide sequence when it folds into a three-dimensional structure. 

End of Figure
5.3 Regulating protein conformation and activity

5.3.1 Allosteric regulation

In many proteins, the binding of a particular ligand at one site affects the conformation of a second remote binding site for another ligand on the same protein. This effect is called allosteric regulation and it is an important mechanism by which a protein's binding capacity and/or its activity are regulated. Thus the switch between two different protein conformations can be controlled by binding of a regulatory ligand. 

Start of ITQ
· What example of allosteric regulation have you already encountered in this course?

· Binding of Src to a phosphorylated tyrosine residue on another protein, via the SH2 domain, affects the conformation of the Src kinase domain, switching it to an active conformation. 

End of ITQ
Allosteric regulation is a feature of most proteins, including enzymes, receptors and scaffold proteins.

In biosynthetic enzyme pathways, where a series of distinct enzymes catalyse individual reactions in the pathway, a downstream product often acts as an allosteric regulator of an enzyme further upstream, switching it to an inactive conformation. This type of allosteric regulation is termed feedback inhibition and it serves to control the level of activity of the pathway as a whole, switching off production when product levels have reached the required level. Allosteric regulation of enzyme activity can be either positive or negative, switching an enzyme on or off respectively. 

5.3.2 Cooperative binding

A feature of some proteins comprising more than one subunit is that binding of a ligand to its binding site on one subunit, can increase the affinity of a neighbouring subunit for the same ligand, and hence enhance binding. The ligand-binding event on the first subunit is communicated, via conformational change, to the neighbouring subunit. This type of allosteric regulation is called cooperative binding. 

Haemoglobin, as we have already discussed, is a tetramer consisting of two pairs of identical subunits (α and β) (Figure 20). Each subunit can bind an O2 molecule via its associated haem (Figure 24) and haemoglobin demonstrates cooperative binding of this ligand. Thus, binding of O2 by one subunit facilitates the binding of O2 molecules by the other subunits of the tetramer. This characteristic makes haemoglobin a more efficient O2 transporter than it would be if the O2 binding sites were independent of one another. As a result, O2 saturation of haemoglobin can be virtually complete in the lungs whilst, in the tissues, where the O2 concentration is low, O2 dissociates readily. At this point it is appropriate to consider the molecular basis for this effect. 

The crystal structures of both the oxygenated form (oxy-Hb) and the deoxygenated form (deoxy-Hb) of haemoglobin have been determined (pdb files 1gzx and 1a3n respectively). Oxygenation of haemoglobin causes extensive changes in both the tertiary and quaternary structure of the protein. The quaternary structure of deoxy-Hb is referred to as the T state (for tense), whilst that of oxy-Hb is known as the R state (for relaxed). The R state has a higher affinity for O2 than does the T state. (Note that these terms are used to describe alternative structures of allosteric proteins in general, the T form being the one with the lower affinity for the ligand.) Individual globin subunits can adopt either the T or the R conformation and a change in the conformation of one subunit can affect the conformation of a neighbouring subunit, thereby altering its affinity for O2. This is the basis for cooperative binding of O2 by haemoglobin. 

Max Perutz (1914–2002) proposed what is currently accepted as the molecular mechanism of haemoglobin oxygenation. Transition between the T and R states is triggered by stereochemical changes at the haem groups. In deoxy-Hb, the Fe2+ ion is about 0.6 Å (60 pm) out of the haem plane because of steric repulsion between the nearby histidine and the N atoms of the porphyrin ring. On binding of O2 to the haem, on the opposite side from the His residue, the Fe2+ ion is pulled into the plane of the haem, dragging the His residue with it (Figure 32a). These movements, in turn, affect the orientation and position of neighbouring side-chains and as a result, the tertiary structure of the subunit switches to the R form. 
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Figure 32 (a) Binding of O2 at the haem in haemoglobin causes the Fe2+ ion to move into the plane of the haem and causes conformational changes in the associated subunit; the oxygenated structure is shown in red and the deoxygenated structure is shown in blue. (b) Simplified schematic to show the relative rotation of the αβ dimers that switches haemoglobin from the T state (blue) to the R state (red). 

End of Figure
How does the change in conformation of one subunit affect the conformation of a neighbouring subunit? The answer lies in the interactions at the interface between the subunits. The α1–β1 and α2–β2 contacts are equivalent. These interactions are extensive and stable, so that each of these dimers moves as one. In contrast, the α1–β2 (and the equivalent α2–β1) contact is weak. When O2 binds at one of the haems, the α1–β2 (and α2–β1) interaction is disrupted. As a result, one pair of αβ subunits rotates relative to the other pair by 15° (Figure 32b). In this way, the conformational change caused by O2 binding at one subunit is transmitted to ligand-free subunits. This conformational change effectively switches ligand-free subunits to the R state, increasing their affinity for O2. 

5.3.3 Phosphorylation of proteins as a means of regulating activity

Phosphorylation is an important mechanism for regulating the activity of many proteins, either switching on or switching off some activity of the protein. 

Start of ITQ
· What protein that we have already discussed is both positively and negatively regulated by phosphorylation?

· Src kinase activity is switched on by dephosphorylation of Tyr 527 and phosphorylation of Tyr 416. Dephosphorylation of Tyr 416 and phosphorylation of Tyr 527 together switch off the kinase activity. 

End of ITQ
In a reaction catalysed by a specific protein kinase, the terminal (γ) phosphate group on an ATP molecule is transferred to a hydroxyl group on an amino acid side-chain (Ser, Thr or Tyr) in the target protein (Figure 33). Removal of the phosphate group is catalysed by a phosphatase. The energy required to drive the cycle of phosphorylation and dephosphorylation derives from the hydrolysis of the ATP. 
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Figure 33 Protein phosphorylation. (a) A phosphate group is transferred from ATP to a hydroxyl group on the protein by a kinase and can be removed by a phosphatase. (b) Phosphorylation can occur on Ser, Thr or Tyr residues. 

End of Figure
The cycle of phosphorylation and dephosphorylation can be very rapid, making the activity of the protein exquisitely sensitive to regulation in this way. Frequently, the kinases and phosphatases that catalyse these switches are themselves regulated, either by allosteric regulators or by phosphorylation (as in the case of Src kinase). This kind of cascade of activation and inactivation permits amplification and integration of upstream signals, as well as feedback regulation by downstream components. 

How does phosphorylation of a protein affect its activity? Addition of a phosphate group at a crucial residue can change the conformation of a protein or alter the interactions of the protein with substrates or other molecules. There are several ways in which phosphorylation-induced change can happen: 

· The phosphate group may prevent binding of a substrate or ligand. Being strongly negatively charged, the phosphate may disrupt electrostatic interactions between a protein and its ligand. Alternatively, it may block ligand-binding by steric hindrance. 

· Phosphorylation may cause a dramatic change in the conformation of the protein, as in the case of Src, where the activation loop changes to an open conformation, allowing the substrate to bind. 

· The phosphorylated residue in the context of the protein may be recognised by another protein. Some adaptor proteins recognise specific phosphorylated motifs and ‘recruit’ the protein to a protein complex where it may be a substrate in a further reaction. For example, the ‘14–3–3 proteins’ (named, for historical reasons, according to their chromatographic properties), which regulate certain protein kinases, recognise specific motifs containing phosphoserine residues. 

Start of ITQ
· Which protein domains have you come across that recognise phosphorylated amino acid residues?

· SH2 and PTB domains bind to specific motifs containing phosphorylated tyrosine residues (Table 5). 

End of ITQ
There are very many different protein kinases in eukaryotic cells and many share a common structure for their kinase domain. Variations in amino acid sequence and higher-order structure account for their substrate specificity. Though less numerous than kinases, there are also many phosphatases in eukaryotic cells. Some phosphatases are highly substrate-specific, acting on only one or two phosphoproteins, but there are others that can act on a broad range of substrates. In the latter, regulatory domains serve to target the enzyme activity to particular substrates. 

Regulation by phosphorylation is a particularly common mechanism in intracellular signalling. However, other proteins that are not signalling molecules are also regulated in the same way, notably some enzymes in metabolic pathways. An example is pyruvate dehydrogenase, which catalyses the oxidation of pyruvate, the endproduct of glycolysis, to give acetyl CoA and CO2. Acetyl CoA then enters the citric acid cycle. Pyruvate dehydrogenase is not actually a single enzyme but is an example of a multienzyme complex (see Section 6.5 ) and comprises three different enzymes. One of these enzymes, pyruvate decarboxylase, is inactivated by phosphorylation of a specific Ser residue. Dephosphorylation reactivates the enzyme. The kinase that catalyses the phosphorylation of pyruvate decarboxylase is subject to allosteric regulation by a number of small molecules, including acetyl CoA, pyruvate and ADP, as indicated in Figure 34. 
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Figure 34 Regulation of pyruvate decarboxylase by phosphorylation. The phosphorylated enzyme is inactive. The kinase that phosphorylates pyruvate decarboxylase is positively regulated by acetyl CoA and NAD.2H and negatively regulated by pyruvate and ADP. 

End of Figure
Acetyl CoA is a positive allosteric regulator of pyruvate decarboxylase kinase which, in turn, phosphorylates and hence inactivates pyruvate carboxylase. In this way, acetyl CoA inhibits its own synthesis. 

Start of ITQ
· Of what kind of regulation is this an example?

· Feedback inhibition.

End of ITQ
5.3.4 G proteins

A large family of proteins, called G proteins, are regulated by binding of GTP. All known forms of life on Earth use G proteins to regulate protein synthesis and in eukaryotes there are ten families of G proteins which, between them, regulate many functions, from signal transduction to transport processes, cytoskeletal rearrangements and protein synthesis. 

Generally, when they are bound to GTP, G proteins are in their active conformations and can bind to and stimulate effector proteins. Hydrolysis of the GTP is catalysed by the G protein itself; G proteins are therefore also known as a GTPases. On hydrolysis of GTP, the γ-phosphate is released and the GDP remains bound to the protein. In this GDP-bound form, the protein is inactive and cannot bind to effector proteins. Thus there are similarities in the regulation of G proteins with the regulation of proteins by direct phosphorylation. 

In the same way that the phosphorylation state of some proteins is determined by the balance of kinase and phosphatase activities, the switch between GTP-bound and GDP-bound conformations of a G protein depends on the activity of other proteins, as well as the G protein's own GTPase activity. Proteins known as GTPase activating proteins (GAPs) enhance the GTPase activity of the G protein whilst guanine nucleotide exchange factors (GEFs) accelerate the dissociation of GDP from the G protein, allowing it to be replaced by GTP. Note that, in some cases, these regulatory functions may reside in intrinsic domains of the G protein itself. We will concentrate here on two of the main families of G protein: small G proteins, of which Ras is an example; and trimeric G proteins. 

Small G proteins consist of a single domain of about 200 residues and require extrinsic GAPs to stimulate the hydrolysis of bound GTP. There are a number of different families of small G proteins. Ras is the prototypical small G protein and is involved in transduction of growth factor signals. Other small G proteins are involved in a variety of cellular processes, including intracellular transport, vesicle formation and targeting, cytoskeletal changes and cell polarisation, regulation of cell growth, and assembly of the mitotic spindle. 

For now, we will focus on the structural aspects of this protein. Ras (Mr = 21 000) is equivalent to the core GTP-binding domain common to all G proteins. It contains a six-stranded β sheet sandwiched between five α helices. Figure 35 shows the structure of Ras in both its GTP- and GDP-bound forms. The nucleotides bind in a shallow groove formed by loops at the surface of the protein and this binding requires Mg2+ ions. 
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Figure 35 Ribbon models of the small G protein Ras with (a) GTP bound (pdb file 121p) and (b) GDP bound (pdb file 1q21). The nucleotides are shown in white in space-filling format. Notice the Mg2+ ion (green), which participates in binding of the nucleotide. 

End of Figure
Trimeric G proteins (Figure 36) have three subunits (α, β and γ).They transduce signals from a family of receptor proteins known as 7-helix transmembrane receptors, of which there are more than 1000. Many species express numerous different α, β and γ subunits and there is considerable diversity in the G proteins assembled from them. Gα subunits have Mr values in the range 39 000–45 000 and consist of two domains: a GTP binding domain similar to the single domain of small G proteins such as Ras, and a domain that further enhances binding of the GTP molecule. Both the Gα and the Gγ subunits are anchored to the intracellular surface of the plasma membrane. Gα is usually myristoylated whilst Gγ is prenylated (Figure 25). The Gβ and Gγ subunits bind to each other very tightly but bind reversibly to Gα. The association of Gα with Gβγ and the activity of these subunits depend on whether GTP or GDP is bound to Gα. 

Start of Figure
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Figure 36 Simple schematic of a trimeric G protein (with GDP bound), shown associated with the plasma membrane.

End of Figure
Other G proteins include certain proteins involved in the initiation and elongation stages of translation of mRNA. As well as binding GTP, these proteins bind amino-acyl tRNAs and deliver them to the ribosome. Hydrolysis of the GTP occurs when the appropriate amino acid is added to the peptide. 

5.4 Protein–protein interactions

You should by now be beginning to appreciate the importance of protein–protein interactions in different cellular processes. Indeed, such interactions are intrinsic to virtually every cellular process, e.g. DNA replication, transcription, translation, control of the cell cycle, signal transduction, secretory and metabolic processes. 

There are three main types of protein–protein interaction, termed surface–string, helix–helix and surface–surface interactions (Figure 37). 
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Figure 37 The three main types of protein–protein contact.

End of Figure
Surface–surface interactions are the most common type of protein–protein contact. They require precise matching of complementary surfaces in the two proteins and tend to be relatively strong. The requirement for a good fit makes surface–surface interactions very specific. 

In surface–string interactions, an extended loop of one protein makes contact with the surface of another protein. An example of this kind of interaction is that which occurs between a peptide containing a phosphotyrosine residue and the SH2 domain of Src and other related proteins. Another surface–string interaction takes place between the kinase fold of Src and part of the protein that it phosphorylates. 

Helix–helix interactions involve α helices from two different proteins wrapping around each other to form a coiled-coil. Such an interaction occurs in a number of gene-regulatory proteins. Towards the end of this free course we will look at some of the techniques employed to study protein–protein interactions. 

5.5 Summary of Section 5

1. Proteins are dynamic molecular machines. All proteins bind to other molecules, whether ions, small molecules or macromolecules, and these interactions are critical to the protein's function. The activity of proteins is regulated by changes in conformation. 

2. In allosterically regulated proteins, binding of one ligand affects the conformation of a remote part of the protein, thereby regulating interaction with a second ligand. Cooperative binding is a type of allosteric regulation in which conformational changes are communicated between subunits (e.g. in O2 binding in haemoglobin). 

3. A common mechanism for regulating protein conformation and activity is through cycles of phosphorylation (by kinases) and dephosphorylation (by phosphatases). 

4. G proteins are regulated by binding and hydrolysis of GTP. Generally, the GTP-bound form of the protein is active and the GDP-bound form is inactive. Many G proteins require other proteins to enhance their GTPase activity (GAPs) or to accelerate exchange of GDP for GTP (GEFs). Two of the largest families of G proteins are small G proteins (exemplified by Ras) and trimeric G proteins. 

5. Trimeric G proteins contain α, β and γ subunits and the α subunit has the GTP binding site and GTPase activity. These G proteins transduce signals from 7-helix transmembrane receptors. 

6 Catalytic proteins

6.1 Introduction

Among those proteins of known function, the majority are enzymes. Enzymes act as catalysts, i.e. they increase the rates of reactions, making and breaking bonds, without themselves undergoing any permanent change. They are highly specific for particular reactions and are excellent examples of how a protein's function is entirely dependent on its structure. 

First of all, a protein must bind its substrate (or substrates) in a specific fashion; it must then convert the substrate(s) into the product (or products) and finally release these. In the case of enzymes, the binding site for a substrate is also referred to as the active site, as an indication that the substrate undergoes chemical modification. 

An enzyme-catalysed reaction can be represented as follows:

Start of Equation
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End of Equation
where E is the enzyme, S is the substrate, P is the product, ES is the enzyme with substrate bound (enzyme–substrate complex) and EP is the enzyme with product bound (enzyme–product complex). ES‡ (called the transition state) is the highest-energy intermediate in the enzyme-catalysed reaction and is very unstable, due to the strained conformation of both the substrate and the enzyme in this complex. 

The transition state in an enzyme-catalysed reaction has a lower energy than that for the same reaction in the absence of enzyme. Thus the enzyme reduces the energy barrier presented by the conversion of substrate to product and hence speeds up the reaction. We will consider how the structure of an enzyme, and in particular the configuration of the amino acid residues at the active site, facilitate catalysis. 

6.2 Catalytic mechanisms

In general terms, the following mechanisms operate at the active site of an enzyme to bring about the conversion of substrate to product: 

1. Charged groups at the enzyme active site alter the distribution of electrons in the substrate. By affecting the electron distributions in key atoms in the substrate, the enzyme can destabilise existing bonds and favour the formation of new bonds. This principle is illustrated below, using as an example the hydrolysis of an amide bond. 

2. In binding the substrate, the enzyme forces it to change its conformation. This conformational change puts a strain on the substrate and drives it towards the transition state. 

3. Many enzymes temporarily form a covalent bond between the substrate and an amino acid side-chain at the active site. This is termed covalent catalysis. 

4. Where an enzyme catalyses a reaction between two substrates (reactants), these will bind at the active site such that they are in close proximity and in the appropriate orientation for the reaction to occur. 

5. Many enzymes require metal ions for catalytic activity (see Section 2.3). These ions may serve to stabilise negative charges in the active site, mediate redox reactions or bind substrates. Catalysis that is driven through the stabilisation of negative charges (by a metal ion or by a positively charged amino acid side-chain) is described as electrophilic catalysis. 

An electrophile is an atom, ion or molecule that has an affinity for electrons and can function as an electron acceptor. A nucleophile is an atom, ion or molecule that has an affinity for atomic nuclei and can function as an electron donor. 

Start of ITQ
· Refer back to the description of Src tyrosine kinase activity (Section 3.4); note the orientation of the ATP and polypeptide substrates at the active site. How does the orientation of these reactants facilitate the phosphorylation of the polypeptide? 

· The ATP molecule is bound such that its chain of three phosphates points towards the target tyrosine residue of the polypeptide, thus facilitating the transfer of the terminal γ-phosphate of ATP to the tyrosine residue. 

End of ITQ
6.2.1 Redistribution of electrons in the substrate

Consider the hydrolysis of an amide bond (e.g. a peptide bond) (Figure 38). This reaction requires that the N–C bond is broken and that new bonds are formed between an OH group and the C atom and between an H atom and the N atom, with the OH and H groups deriving from a water molecule (H2O). 

Start of Figure
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Figure 38 Hydrolysis of an amide bond.

End of Figure
Many enzymes have charged groups at critical positions in their active sites, such that they can affect bonds in the bound substrate. An acidic atom or group, such as the N atom on histidine, has a partial positive charge at neutral pH and has a tendency to donate its proton (H+) to other atoms. If the substrate binds so that the O atom of its carbonyl group is in close proximity to the acidic group, then the latter, with its net positive charge, tends to draw the electrons of the carbonyl double bond towards itself, giving the C of the carbonyl group a partial positive charge (Figure 39a). This C atom is now much more attractive to the electronegative O atom of the water molecule and the hydrolysis reaction illustrated in Figure 38 is accelerated. This kind of catalysis is called general acid catalysis. 
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Figure 39 General acid and general base catalysis in the hydrolysis of an amide bond.

End of Figure
A basic group, such as the carboxylate group of aspartate and glutamate side-chains, positioned close to the water molecule, can similarly affect electron distribution. In this case, the negatively charged carboxylate group tends to push electrons in the water molecule towards the O atom, making this molecule more polar and more ready to donate electrons to the C atom of the amide bond (Figure 39b). This type of catalysis is general base catalysis. Enzymes can, in fact, use both general acid and general base catalysis simultaneously; thereby further accelerating the reaction (Figure 39c). 

Enzymes are extremely efficient catalysts because they simultaneously use several catalytic mechanisms. We will now look more closely at two enzymes, lysozyme and carboxypeptidase A, to demonstrate how enzymes apply these mechanisms to great effect. These enzymes have been chosen because they have been studied extensively and their mechanisms are particularly well characterised. They also have very different modes of action. 

6.3 Lysozyme

Lysozyme was the first enzyme for which the X-ray structure was determined at high resolution. This was achieved in 1965 by David Phillips, working at the Royal Institution in London. Phillips went on to propose a mechanism for lysozyme action that was based principally on structural data. The Phillips mechanism has since been borne out by experimental evidence, as we shall see later. 

Lysozyme is found widely in the cells and secretions (including tears and saliva) of vertebrates, and hen egg white is particularly rich in this enzyme. Lysozyme catalyses the hydrolysis of glycosidic bonds that link N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) in polysaccharides of bacterial cell walls. In doing so, it damages the integrity of the cell wall and thereby acts as a bacteriocidal agent. The NAM–NAG bond is represented in Figure 40, with the site of cleavage by lysozyme indicated. 
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Figure 40 Part of the polysaccharide component of bacterial cell walls, showing the alternating N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) residues. This polysaccharide is a substrate for lysozyme, which hydrolyses the glycosidic bond at the position indicated. (For clarity, and to permit a linear representation of the molecule, some of the bonds are shown in a zig-zag form.) 

End of Figure
Lysozyme is a relatively small enzyme. Hen egg white lysozyme consists of a single polypeptide of 129 amino acids in length (Figure 41) with Mr 14 600. From X-ray diffraction data, we can see that there is a distinct cleft in the lysozyme structure (Figure 42). The active site is located in this cleft. In the amino acid sequence in Figure 41 and in the space-filling model of lysozyme in Figure 42, those residues that line the substrate binding pocket in the folded protein have been highlighted. 

Start of Figure
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Figure 41 The amino acid sequence of hen egg white lysozyme, with the residues that line the substrate binding pocket highlighted in grey. Asp 52 and Glu 35, key residues in the active site, are highlighted in red and yellow respectively. 

End of Figure
Start of Figure
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Figure 42 A space-filling model of hen egg white lysozyme in which key residues have been highlighted. Asp 52 is in red; Glu 35 is in yellow; some of the residues lining the substrate binding pocket are shown in grey. 

End of Figure
The active site of lysozyme is a long groove that can accommodate six sugars of the polysaccharide chain at a time. On binding the polysaccharide, the enzyme hydrolyses one of the glycosidic bonds. If the six sugars in the stretch of polysaccharide are identified as A–F, the cleavage site is between D and E, as indicated in Figure 40. The two polysaccharide fragments are then released. Figure 43 depicts the stages of this reaction, which are also described in detail below. 
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Figure 43 The catalytic mechanism of lysozyme. Note that only key residues involved in catalysis (Glu 35 and Asp 52) are shown. The stages are described in detail in the text. (Based on Phillips, 1966) 

End of Figure
1. On binding to the enzyme, the substrate adopts a strained conformation. Residue D is distorted (not shown in the diagram) to accommodate a –CH2OH group that otherwise would make unfavourable contact with the enzyme. In this way, the enzyme forces the substrate to adopt a conformation approximating to that of the transition state. 

2. Residue 35 of the enzyme is glutamic acid (Glu 35) with a proton that it readily transfers to the polar O atom of the glycosidic bond. In this way, the C–O bond in the substrate is cleaved (Figure 43a and b). 

3. Residue D of the polysaccharide now has a net positive charge; this reaction intermediate is known as an oxonium ion (Figure 43b). The enzyme stabilises this intermediate in two ways. Firstly, a nearby aspartate residue (Asp 52), which is in the negatively charged carboxylate form, interacts with the positive charge of the oxonium ion. Secondly, the distortion of residue D enables the positive charge to be shared between its C and O atom. (Note that this sharing of charge between atoms is termed resonance in the same way as the sharing of electrons between the atoms of the peptide group.) Thus the oxonium ion intermediate is the transition state. Normally, such an intermediate would be very unstable and reactive. Asp 52 helps to stabilise the oxonium ion, but it does not react with it. This is because, at 3 Å distance, the reactive groups are too far apart. 

4. The enzyme now releases residue E with its attached polysaccharide, yielding a glycosyl-enzyme intermediate. The oxonium ion reacts with a water molecule from the solvent environment, extracting a hydroxyl group and re-protonating Glu 35 (Figure 43c and d). 

5. The enzyme then releases residue D with its attached polysaccharide and the reaction is complete.

Start of ITQ
· The catalytic mechanism of lysozyme involves both general acid and general base catalysis. Which residues participate in these events? 

· Glu 35 participates in general acid catalysis (donates a proton) and Asp 52 participates in general base catalysis (stabilising the positive charge of the oxonium ion). 

End of ITQ
The Phillips mechanism for lysozyme catalysis, as outlined above, is supported by a number of experimental observations. In particular, the importance of Glu 35 and Asp 52 in the process has been confirmed by site-directed mutagenesis (SDM) experiments. SDM is a very powerful technique for examining the role of individual amino acid residues in a protein's function and will be discussed in some detail in Section 7.2. SDM involves the use of recombinant DNA technology to selectively replace the residue of interest with a different amino acid with critically different properties. The resulting protein can then be tested functionally, e.g. with respect to substrate binding or catalytic activity. When this technique was applied to lysozyme to replace Glu 35 with a glutamine residue (Gln), the resulting protein could still bind the substrate (albeit less strongly) but it had no catalytic activity. Glu 35 is therefore essential for lysozyme's catalytic activity. When Asp 52 was replaced with an asparagine (Asn) residue, the mutant protein had less than 5% of the catalytic activity of normal (wild-type) lysozyme, in spite of the fact that the mutant form actually had a twofold higher affinity for the substrate. It follows that Asp 52 is essential for lysozyme's catalytic activity. Experiments using chemical agents that covalently modified these residues, without significantly affecting the X-ray structure, similarly proved that they were essential for catalytic activity. 

6.4 Carboxypeptidase A

Carboxypeptidase A is a protease that hydrolyses the C-terminal peptide bond in polypeptide chains. Whilst this enzyme demonstrates strict specificity with regard to the position of the amide bond (i.e. it must be C-terminal), it does not discriminate on the basis of the identity of the terminal residue; in fact, it will cleave off any residue with the exception of arginine (Arg), lysine (Lys) or proline (Pro). However, carboxypeptidase A is most efficient at removing terminal residues with aromatic or bulky aliphatic side-chains (Tyr, Trp, Phe, Leu, Ile). 

The three-dimensional structure of carboxypeptidase A was elucidated by William Lipscomb at Harvard in 1967. It has a single polypeptide chain of 307 amino acid residues and an Mr of 34 500. It is a compact globular protein and is a metalloenzyme, having a tightly bound zinc ion that is essential for its activity. The zinc ion is in a pocket near the surface of the protein and is coordinated by a glutamate side-chain (Glu 72) and two histidine side-chains (His 69 and His 196). The substrate binds in the pocket, near to the zinc ion. Figure 44 shows a space-filling representation of carboxypeptidase A, with the zinc ion, Glu 72, His 69 and His 196 highlighted, and another representation, this time with a substrate bound. The substrate used to obtain this X-ray structure was glycyltyrosine (Figure 45), an analogue of the natural peptide substrate. 

Start of Figure
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Figure 44 Space-filling representation of bovine carboxypeptidase A (a) without substrate bound (pdb file 2ctb) and (b) with substrate (glycyltyrosine, shown in white) bound (pdb file 3cpa). (c) A close-up view of the substrate binding site with the polypeptide backbone shown in ribbon format, coloured as in (b). The zinc ion is shown in pink and key residues involved in coordinating the zinc ion are highlighted in space-filling format as follows: Glu 72, red; His 69, yellow; His 196, orange. 

End of Figure
Start of Figure
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Figure 45 Binding of the substrate analogue glycyltyrosine in the active site of carboxypeptidase A. Only key residues involved in substrate binding and catalysis are shown. (Based on Lipscomb et al., 1970) 

End of Figure
Carboxypeptidase A hydrolyses glycyltyrosine very slowly. Analogues of natural substrates, such as this molecule, that are processed very slowly by the enzyme, are often chosen for X-ray crystallographic studies of enzyme–substrate complexes. It is necessary to use substrate analogues because obtaining crystals for analysis can be a very lengthy process and the natural substrate would not remain bound to the enzyme for long enough to permit crystallisation. From the crystal structures of the enzyme–substrate complex, the mode of binding of glycyltyrosine to the enzyme has been deduced and is depicted in Figure 45. The tyrosine side-chain of the substrate occupies a non-polar pocket, whilst its terminal carboxyl group interacts electrostatically with the positively charged side-chain of arginine 145 (Arg 145). The NH hydrogen of the peptide bond is hydrogen-bonded to the OH group of tyrosine 248 (Tyr 248) and the carbonyl oxygen atom of the peptide bond is coordinated to the zinc ion. The terminal amino group of glycyltyrosine hydrogen-bonds, via an intervening water molecule, to the side-chain of Glu 270. 

Start of ITQ
· How do you think the binding of the substrate analogue, glycyltyrosine, to the active site of carboxypeptidase A would differ from that of a polypeptide substrate? 

· A polypeptide substrate would not have a terminal amino group in the active site, so would not form the interaction with Glu 270. 

End of ITQ
The interaction between Glu 270 and the glycyltyrosine molecule is thought to be responsible for the very slow rate of hydrolysis of this substrate analogue by the enzyme. 

In binding substrate, the active site of carboxypeptidase A undergoes structural rearrangement to bring the groups that participate in catalysis into the correct orientation. This process is known as induced fit. The induced fit model of enzyme action was first proposed by Koshland. The side-chains of Arg 145 and Glu 270 both move 2 Å, water molecules are displaced from the non-polar pocket and, most striking of all, the phenolic hydroxyl group of Tyr 248 moves 12 Å when this residue swings into place for catalysis. This last movement is huge when you consider that, at its widest, the enzyme is only 50 Å across! 

The movement of the hydroxyl group of Tyr 248 brings it from near the surface of the enzyme to the vicinity of the peptide bond to be hydrolysed. The different structural rearrangements effectively close the active-site pocket, excluding water and making the environment of the active site hydrophobic. Clearly, a peptide substrate could not access the active site if it was in this closed conformation. To permit substrate binding, carboxypeptidase A has to have a very different conformation in the unbound state than it does in the catalytically active state. Thus in undergoing these substantial rearrangements, induced by the substrate, it creates the correct environment for catalysis. 

The mechanism of catalysis of the peptide bond by carboxypeptidase A is illustrated in Figure 46. The carbonyl group of the peptide bond is coordinated to the zinc ion, making the C=O bond more polarised than usual. This effect is enhanced by the non-polar environment of the zinc ion, which increases its effective charge. In this way, the zinc ion stabilises the negative charge that develops on the O atom (electrophilic catalysis). This large dipole makes the C atom of the carbonyl group more vulnerable to nucleophilic attack, because it has a partial positive charge. The negatively charged Glu 270 removes a proton from a water molecule and the resulting OH– directly attacks the vulnerable carbonyl C atom (general base catalysis). Tyr 248 simultaneously donates a proton to the NH group of the peptide bond. In this way, the peptide bond is hydrolysed. 
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Figure 46 The catalytic mechanism of carboxypeptidase A. The stages are described in detail in the text.

End of Figure
Carboxypeptidase B specifically removes C-terminal Arg or Lys residues from peptides. Whilst being very similar to carboxypeptidase A in terms of overall structure, carboxypeptidase B has a negatively charged aspartate (Asp) side-chain in an appropriate position to bind the positively charged side-chains of Arg and Lys. 

6.5 Multienzyme complexes

In free solution, the rate of an enzyme-catalysed reaction depends on the concentration of the enzyme and the concentration of its substrate. For an enzyme operating at suboptimal concentrations, the reaction is said to be diffusion-limited, since it depends on the random collision of the enzyme and substrate. If we consider a metabolic pathway, the product of one reaction is the substrate for the next enzyme in the pathway. Direct transfer of a metabolite from one enzyme to another would avoid dilution of the metabolite in the bulk aqueous environment and would increase the rate of reaction. 

In the cell, enzymes of a particular pathway are frequently organised spatially so that such metabolic channelling can occur. Some enzymes are associated with other enzymes involved in a particular pathway to form multienzyme complexes. For the enzymes in such complexes, the diffusion of the substrate is not rate-limiting. Pyruvate dehydrogenase (Figure 47) is a complex of three different enzymes that collectively catalyse the oxidation of pyruvate as described previously (Section 5.3). In fact, in eukaryotic cells, most enzymes do not diffuse freely in the cytosol but are effectively concentrated in particular parts of the cell along with other enzymes or proteins involved in related processes. Concentration of enzymes in this way can be achieved by specific protein–protein interactions. 
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Figure 47 Pyruvate dehydrogenase is a multienzyme complex comprising multiples of three different enzymes: eight of lipoamide reductase–transacetylase (a trimer), six of dihydrolipoyl dehydrogenase (a dimer) and 12 of pyruvate decarboxylase (a dimer), giving a total of 60 polypeptide chains per complex. 

End of Figure
6.6 Summary of Section 6

1. The majority of proteins of known function are enzymes. Enzymes are biological catalysts, increasing the rates of reactions. Enzymes are not permanently altered by catalysis of a reaction. 

2. The transition state is an unstable intermediate enzyme–substrate complex in which the enzyme and the substrate are in highly strained conformations. 

3. There are a number of different catalytic mechanisms employed by enzymes including general acid and general base catalysis, covalent catalysis and electrophilic catalysis. 

4. General acid and general base catalysis involve charged groups at the active site of the enzyme that help make and break bonds by causing a redistribution of electrons in the bonds of the substrate. 

5. Lysozyme hydrolyses glycosidic bonds in the polysaccharides of bacterial cell walls. It uses both general acid and general base catalysis. 

6. Carboxypeptidase A hydrolyses C-terminal peptide bonds and uses both electrophilic and general base catalysis. In binding its substrate, carboxypeptidase A undergoes a dramatic structural rearrangement to create the required active site conformation for catalysis. This process is known as induced fit. 

7. The efficiency of enzyme-catalysed reactions in the cell is increased by metabolic channelling in multienzyme complexes, in which the product of one reaction is passed to the next enzyme in a pathway. Since the metabolite does not diffuse into the general aqueous environment, it is effectively concentrated near the enzyme. 

7 Studying protein function

7.1 Introduction

You will already be aware of some of the many experimental techniques employed to study protein structure, including X-ray diffraction, CD, NMR and SDS–PAGE. There are also many techniques that have been developed to study protein function, of which several are described in this section. 

7.2 Site-directed mutagenesis

The application of site-directed mutagenesis (SDM) to the study of protein function has been illustrated with the enzyme lysozyme, as described previously. SDM is a very powerful technique in the study of protein function, allowing the experimenter to assess the importance of particular amino acid side-chains in a protein. It is most commonly used in the study of enzymes; however, it is also very useful in identifying key residues in protein–protein interactions. In this section, we will consider the methodology and design of SDM studies. 

Provided that the gene encoding the protein of interest is available and there is a suitable system for expressing the gene, it is possible, using recombinant DNA technology, to produce a mutant protein in which a specific amino acid has been replaced with a different amino acid. To produce the desired mutant protein, it is necessary to change a single base in the gene encoding the protein of interest, such that the codon for the target amino acid is changed to that encoding the desired replacement amino acid. 

One of the principal methods that is used for SDM is based on a technique called primer extension. A typical site-directed mutagenesis procedure, using this method, is outlined in Figure 48. The coding sequence of the normal gene is first cloned into a plasmid vector that can exist as single-stranded DNA (ssDNA), but which, during replication in a host cell, goes through a double-stranded form (dsDNA). A short DNA oligonucleotide (10–20 nucleotides in length) is synthesised that is complementary to the region of the gene to be mutated, except for the single base change in the appropriate codon (X in Figure 48); for example, changing TTG, the codon for Gln, to TTC, the codon for Glu. The oligonucleotide is annealed to the ssDNA form of the cloned sequence and serves as a primer for DNA synthesis by DNA polymerase. After synthesis, the two ends of the new strand are joined using a DNA ligase enzyme and this double-stranded DNA (termed a heteroduplex) is used to transform host bacteria. The vector (with its insert) is replicated in the host and mutant clones can be selected on the basis of their ability to hybridise to the original oligonucleotide primer under suitable discriminating conditions. The mutant gene can be subcloned into an appropriate vector and expressed in large quantities in transformed cells. The resulting mutant protein can then be analysed with regard to its structure and function (e.g. catalytic activity) and comparisons made with the normal (wild-type) protein. 

Start of Figure
[image: image51.jpg]SSDNA vector oligonucleotide

W"'xq‘:g‘z:di"s st el 8
SDNA vector /\
o s O
—_—
T s nmpmy"“me.
SodtB emas DNA hgl(e
x
e
transform
blnlcrul
wild-type DNA| ‘mutant DNA' heteroduplex
seect for expression of

mutant DNA' mutant protein





Figure 48 Site-directed mutagenesis of a protein-coding region using primer extension. X is the substituted base.

End of Figure
Given the number of amino acids in an average protein and the possibility of substituting each residue with a choice of 19 other amino acids, it is clear that SDM experiments require careful design. There are two main questions that should be considered in designing a strategy for SDM. Firstly, which amino acid should be mutated, and secondly, which amino acid should it be replaced with? It is also possible to produce mutant proteins in which two or even three residues have been mutated. 

The selection of an amino acid for mutation is often based on detailed knowledge of the protein's three-dimensional structure. For example, from the X-ray structure of an enzyme with a bound substrate analogue, amino acids likely to be involved in binding the substrate or catalysing the reaction might be identified on the basis of their proximity to the substrate and their chemical properties. These residues are interesting targets for mutagenesis. Similarly, identification of highly conserved residues in comparisons of amino acid sequences of related proteins can indicate important roles for these in the protein and can form the basis for an informed choice of target residues for mutagenesis. 

Having identified the amino acid that we want to mutate, the choice of replacement must then be considered. In Table 6, some amino acid replacements commonly used in SDM are listed. The choice of replacement generally depends on the supposed role of the residue in question. For example, to test the importance of a particular residue in an enzyme mechanism, it could be replaced with one of similar overall size but differing in its chemical characteristics. 

Start of Table
Table 6 Some of the common amino acid replacements used in SDM experiments.

	Amino acid
	Replacement

	Ala
	Ser, Gly, Thr

	Arg
	Lys, His, Gln

	Asn
	Asp, Gln, Glu, Ser, His, Lys

	Asp
	Asn, Gln, Glu, His

	Cys
	Ser

	His
	Asn, Asp, Gln, Glu, Arg

	Leu
	Met, Ile, Val, Phe

	Lys
	Arg, Gln, Asn

	Ser
	Ala, Thr, Asn, Gly

	Tyr
	Phe, His, Trp

	Trp
	Phe, Tyr


End of Table
Start of ITQ
· Why do you think it would be advisable to use a residue of similar size for such a substitution?

· Matching the residue for size would minimise any steric effects that might alter the overall structure and thereby confound observation of the effect of changes to the chemistry of the residue. 

End of ITQ
For example, Glu could be replaced by Gln, which is similar in size and shape but lacks the negative charge. (This was one of the mutations used to determine the role of Glu 35 in the catalytic mechanism of lysozyme; see Section 6.3.) Substitution of a particular amino acid residue with a larger residue can result in steric interference and should be avoided. It is preferable to use residues that are smaller than the wildtype residue, as they tend not to disrupt the overall structure of the protein. Proline is commonly substituted for amino acids in parts of the protein that are thought to have key structural roles or to undergo some structural rearrangements as a part of normal functioning. The introduction of proline in such a position affects the geometry of the polypeptide backbone, usually causing a bend, and rendering it relatively inflexible. 

7.3 Studying protein–protein interactions

The investigation of protein–protein interactions is a very important aspect of understanding proteins. Identifying binding partners can give insight into a protein's function. Many different methods and technologies have been developed to identify and characterise interactions between proteins, a few of which are described here. 

7.3.1 Physical methods for demonstrating an interaction between proteins

To identify those unknown proteins in a complex mixture that interact with a particular protein of interest, protein affinity chromatography can be used (Figure 49a). This approach uses a ‘bait’ protein attached to a matrix. When this baited matrix material is then exposed to a mixture of proteins, only proteins that interact with the bait are ‘pulled out’ from the mixture. Typically, this mixture is actually an extract prepared from cells or tissue and it is passed through a chromatography column packed with inert beads that carry the bait. Proteins that interact with the bait protein are retained by the matrix and can be eluted (washed off) and then analysed. Elution may be achieved by changing the salt concentration or the pH or alternatively free bait protein could be used to displace the bound proteins. Protein microarrays (see Table 7, in next section) can be used as a high-throughput version of protein affinity chromatography. 
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Figure 49 Capture of interacting proteins using a bait protein in (a) protein affinity chromatography and (b) co-immunoprecipitation.

End of Figure
Start of ITQ
· What requirement might make protein affinity chromatography a difficult procedure to use in practice?

· The necessity for a purified preparation of the bait protein and selective coupling of this protein to the matrix makes this procedure technically demanding. 

End of ITQ
The same principle is used in co-immunoprecipitation (Figure 49b). This technique uses an antibody that specifically recognises the bait protein. The antibody is incubated with, for example, cell extract and binds to the bait protein. Beads coated with a protein that binds to immunoglobulins are used to pull the antibody out of the mixture, functioning in the same way as the affinity matrix in protein affinity chromatography. The beads can be spun down in a centrifuge. Along with antibody, the bait protein and the proteins that interact with the bait are precipitated in a complex. Co-immunoprecipitation has a distinct advantage over cross-linking of proteins (described below) in that the proteins are not modified in any way. Preservation of the protein in its native state is an important consideration for further analysis of its function. 

Start of ITQ
· Co-immunoprecipitation is much more versatile and is used much more widely than is affinity chromatography. Why do you think this might be? 

· Affinity chromatography requires a source of purified bait protein and selective attachment of this protein to the beads. Co-immunoprecipitation uses beads that capture all immunoglobulins and they can be used with any immunoglobulin. 

End of ITQ
Having effectively isolated binding partners for a particular protein, how can we identify or characterise them? In practice, characterisation of a protein involves a number of different experimental approaches. One of the most convenient ways of learning something about the protein is to analyse it by SDS–polyacrylamide gel electrophoresis (SDS–PAGE). From SDS–PAGE it can be determined whether a protein of interest has more than one subunit and the Mr of the component subunits can be estimated. An accurate determination of the mass of the protein can be obtained from mass spectrometry. Matrix-associated laser desorption ionisation-time-off-light spectrometry (MALDI-TOF) determines the mass and charge of peptides derived from a protein of interest. It is possible to fragment individual peptides from a protein, breaking peptide bonds, and from the differences in the masses of the products, the sequence of the peptide can be deduced. Partial sequence information can then be used to search databases to identify a match or homologous proteins. 

Apart from confirming that two proteins do in fact interact, it is important to characterise their interaction. Chemical cross-linking of interacting proteins uses reagents that react with specific amino acid side-chains to covalently link those parts of two proteins that are close together. The range over which cross-linking can occur is determined by the length of the cross-linking reagent. This technique can not only help determine if two proteins do interact, but can also give information on which parts of the two proteins participate in the interaction. 

A particularly powerful method for studying protein–protein interactions is surface plasmon resonance (SPR). In SPR, the bait protein is attached to a special ‘biosensor chip’ consisting of a very thin layer of metal on top of a glass prism (Figure 50). The bait is immobilised on a dextran polymer on the surface of the metal film and this surface is exposed to a flow of an aqueous solution (the mobile phase) containing a protein that is thought to interact with the bait. 
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Figure 50 Surface plasmon resonance. (a) When a protein in the mobile phase binds to the immobilised bait protein, there is a change in the refractive index at the surface of the metal film and a consequent change in the intensity of the reflected beam of light. (b) These changes can be monitored (over a period of minutes) and interpreted in terms of the association and dissociation of the proteins. 

End of Figure
A light beam is passed through the prism and is reflected off the metal film, but some of the light energy is transferred to ‘packets’ of electrons called plasmons, on the surface of the metal film. This effect reduces the intensity of the reflected light and is dependent on the precise angle of incidence of the light beam, defined as the resonance angle (θ in Figure 50). The resonance angle is in turn determined by the refractive index of the solution up to 300 nm away from the metal film on which the bait protein is immobilised. (The refractive index of a material is a measure of the velocity of light through it.) If the protein in the mobile phase binds to the bait protein, the local refractive index changes, leading to a change in resonance angle. All proteins have the same refractive index and there is a linear correlation between the change in resonance angle and the concentration of protein near the surface. Thus it is possible to determine changes in protein concentration at the surface that are due to protein–protein binding. The value of this method is that the kinetics of the binding interaction can be followed in real time by analysing the rate of change of the signal. The rate of change of the signal on addition of the potential binding partner to the mobile phase is an indication of the association kinetics for the two proteins, and washing the interacting protein off the bait allows similar analysis of dissociation kinetics. Apart from protein–protein interactions, SPR is used to study many other interactions including those between proteins and DNA, carbohydrates or small ligands. 

7.3.1 Library-based methods for demonstrating an interaction between proteins

As well as the biochemical approaches to studying protein–protein interactions, there is a variety of qualitative methods for screening ‘libraries’ of cloned genes or gene fragments whose protein products might interact with a protein of interest. Such an approach has the advantage that the genes that encode those proteins that bind are available immediately for expression, facilitating subsequent analysis of the protein. 

The two-hybrid system uses transcriptional activity as a measure of protein–protein interaction, as illustrated in Figure 51. 
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Figure 51 The two-hybrid system for demonstrating an interaction between proteins. The DNA-binding domain hybrid alone does not activate transcription (a) nor does the activation domain hybrid (b). However, interaction of proteins X and Y brings the activation domain close to the DNA-binding domain and transcription can occur (c). 

End of Figure
The ‘read-out’ from this system is expression of a so-called reporter gene, i.e. a gene whose expression is readily monitored (as, for example, enzyme activity, or fluorescence). The technique exploits the fact that the protein that activates transcription of the reporter gene consists of two domains: (1) the DNA binding domain, which targets the activator to specific genes, and (2) the activation domain, which contacts other components of the transcriptional machinery, enabling transcription to occur. Though normally these two domains would be part of the same polypeptide, transcription of the reporter gene can still occur if they are on different polypeptides but are brought together physically. The two-hybrid system entails expression, using recombinant DNA techniques, of two hybrid proteins as follows: 

1. The DNA binding domain is fused to the bait protein, X.

2. The activation domain is fused to the potential binding partner, Y.

If X and Y interact, the DNA binding domain and the activation domain are brought together such that transcription of the reporter gene can occur. The two-hybrid assay is commonly performed in yeast cells containing a reporter gene. The major advantage of this system is that it allows the screening of large libraries consisting of many genes fused to the DNA encoding the activation domain. 

Another widely used library-based method for detecting protein–protein interactions is phage display (Figure 52). This approach uses a virus that infects E. coli, known as a bacteriophage (or ‘phage’). Similarly to the two-hybrid system, recombinant DNA techniques are used to make a gene construct by fusing DNA encoding the proteins of interest with a gene encoding a protein that forms part of the coat of the phage. Expression of this construct produces a hybrid of the bacteriophage coat protein and the protein of interest. A coat protein is chosen for this manipulation so that the hybrid will be displayed on the surface of the mature engineered phage. Engineered phage derived from a library of such constructs can be screened for the ability to bind to a bait protein. Immobilised bait protein could be used in the same way as described for affinity chromatography (Figure 49a), to fish out any phage expressing interacting proteins. The recovered phage can then be used to infect E. coli. In this way, the phage can be replicated to increase its yield and facilitate subsequent isolation of the DNA encoding the interacting protein. 
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Figure 52 Phage display, a method for demonstrating an interaction between proteins. A gene construct is made containing DNA encoding the protein of interest fused to a phage gene encoding a coat protein. Expression of the recombinant phage DNA in E. coli produces engineered phage displaying a hybrid of the phage coat protein and the protein of interest. In a variation of protein affinity chromatography, immobilised bait protein can then be used to selectively fish out those phage expressing interacting proteins. 

End of Figure
7.4 Proteomics

Traditionally, the study of the biochemistry or structure of a protein necessitated its purification to a high degree. The development of protocols for cloning, manipulation and expression of genes greatly facilitated this kind of study, as will be clear to you from the previous section. In recent years, a number of high-throughput techniques have, to an extent, obviated traditional approaches and permit simultaneous analysis of all the expressed proteins in a cell or organism, known as the proteome. The term proteomics has been coined to describe such studies. 

Proteomics is founded on the technological achievements of genomics, the large-scale analysis of every gene in an organism, and encompasses all aspects of protein structure and function, including post-translational modifications and interactions, and comparisons not only between tissues in an organism but within a single cell under different conditions or at different stages in the life of the cell or organism. 

Unlike the genome of an organism, which remains largely unchanged in the lifetime of the cell or organism, the proteome is highly dynamic. Thus, the proteome varies as expression of genes is switched on or off in response to stimuli and the level of expression of different genes is modulated, whilst post-translational modifications and protein interactions add further layers of complexity. As well as identifying and determining the physiological role of proteins, the proteomic approach can highlight changes that occur in pathological situations and can facilitate identification of targets for therapeutic intervention in disease. 

Table 7 details some of the technologies and methodologies on which proteomics is based, some of which have been described in previous sections. 

Start of Table
Table 7 Methodologies used in proteomics.

	Methodology
	Description
	Application

	
	
	

	Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE)
	Proteins are separated in one dimension on the basis of their charge in a pH gradient (isoelectric focusing) and in the second dimension on the basis of their mass (Figure 53). 
	Separation of many thousands of proteins from each other; allows purification of individual proteins and their modified forms.

	
	
	

	Mass spectrometry (e.g. MALDI-TOF)
	A mass spectrometer separates molecular species according to their mass / charge ratio. Can be used on small quantities. For example, proteins eluted from 2-D gels and subjected to proteolysis can be analysed in this way. See also Section 7.3. 
	Accurate mass and sequence information for peptides to identify all proteins present in any sample. Allows comparisons between, for example, diseased and normal tissues. Analysis of post-translationally modified forms of proteins; e.g. comparisons between proteins after treatment with glycosylases or phosphatases, or after use of antibodies specific for modified forms. 

	
	
	

	Protein microarrays 
	Up to 10 000 purified proteins can be immobilised on a glass slide under conditions that preserve the proteins' native conformations, allowing them to be ‘probed’ in a number of different ways. Binding is read and interpreted automatically. Interacting proteins can be eluted for analysis, e.g. by mass spectrometry. 
	To rapidly screen for protein–protein interactions using a fluorescently labelled protein. To rapidly screen for enzyme–substrate interactions, e.g. identifying target proteins for a particular kinase using radio-labelled phosphate. To examine binding of other ligands including nucleic acids, carbohydrates, receptors, antibodies or even components of whole cell extracts. 

	
	
	

	Interaction studies e.g. two-hybrid system and phage display
	See Section 7.3.
	These library-based methods allow large numbers of proteins to be screened for interactions.

	
	
	

	Bioinformatics
	A combination of mathematical, computer and statistical methods to analyse biological data.
	Proteomics databases exist for an increasing number of model organisms. Such databases can assist in the identification of proteins and the prediction of their function. They are also used in drug design. 


End of Table
By way of example, Figure 53 illustrates one type of experiment that is routinely performed to assess the biological effects of a treatment at the proteomic level, namely two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) with mass spectrometry. 
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Figure 53 Comparative 2-D PAGE of extracts prepared from (a) control (untreated) and (b) treated cells. The first separation was performed by isoelectric focusing, which separates proteins according to their charge in a pH gradient. The lane containing the separated proteins was then cut from the gel and overlaid on another gel and proteins were further separated by SDS–PAGE (i.e. according to mass). A comparison of the two gels reveals some distinct differences, such as those highlighted in the enlarged regions. The proteins in these spots were eluted and analysed by MALDI-TOF. The experimental amino acid sequence data were then used to search a database for matching protein sequences. In this way, the identity of the proteins in the three positions indicated was determined. Two of the spots in gel (b) correspond to protein X. Thus there is evidently a change in the M r of this protein in treated cells. This shift may result from post-translational modification. There is an increase in the level of protein Y in the treated cells compared to the untreated cells. 

End of Figure
7.5 Summary of Section 7

1. Site-directed mutagenesis is an important technique for studying protein function. Using recombinant DNA technology, selected amino acids can be substituted with different residues to alter the structure and function of a protein. One widely used method employs primer extension. SDM studies can help identify residues that are critical for interactions or catalytic activity. 

2. Protein–protein interactions can be studied in a number of different ways – using biochemical or physical methods or using library-based methods. 

3. Physical methods include variations on ‘fishing’ approaches in which a bait protein is used to physically pull interacting proteins out of a mixture of proteins. Such methods include protein affinity chromatography and co-immunoprecipitation. 

4. Chemical cross-linking of proteins can provide information on interacting residues, and surface plasmon resonance can be used to study the kinetics of binding interactions between proteins. 

5. Library-based methods for studying protein–protein interactions rely on recombinant DNA technology and include the two-hybrid system and phage display. An advantage of these techniques is that the gene encoding the interacting protein is immediately available for further studies. 

6. Proteomics is the study of all the proteins expressed in an organism or cell in terms of their function, structure, modifications and interactions, indeed all aspects of their biochemistry. 

Conclusion

This free course provided an introduction to studying Science. It took you through a series of exercises designed to develop your approach to study and learning at a distance and helped to improve your confidence as an independent learner. 

Keep on learning
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