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Unit 1:  Proteins

Section 1:  Amino Acids


1.  Optical Activity: Although only L-amino acids are incorporated into proteins made by ribosomes, D-amino acids do occur within proteins.  First, enzymatically synthesized peptides can contain D-amino acids.  Indeed, their substrate binding sites can be adapted to a wide variety of nonstandard amino acids.  Second, L-amino acids can undergo posttranslational epimerization.  This is carefully regulated by specialized epimerases.  Both dermorphin from frog skin and a toxin from a sponge have amino acids that undergo this post​trans​​lational modification.  Aspartic acid can undergo spontaneous epimeriza​tion; but the process is so slow that it rarely becomes a significant problem except in very long-lived proteins, such as the crystallins in the eye lens.  The specificity for L-amino acids in ribosomally synthesized proteins resides primarily within the aminoacyl tRNA synthetases that charge the tRNAs.  If one artifi​cially charges tRNAs with D-amino acids, the ribosomes will incor​porate them into proteins, albeit at a slower rate than L-amino acids.  Such proteins have a conformation that is the mirror image of that for proteins containing L-amino acids.


2.  Dissociation Constants: Dissociation constants can be dramatically altered by the local environment.  For example, a hydrophobic environment represents a hostile setting for charged species and suppresses ionization.  The free ε-amino group of lysine has a pKa of 10.4 in solution; but this drops to 5.7 for a lysine buried in the hydrophobic core of Staphylococcal nucle​ase.  If the groups are involved with forming ionic bonds, their ionization will be favored.  If they are involved in hydrogen bonds, the acidic group will keep its hydrogen for sharing, while the basic group will lose its hy​drogen.  In addition to dissociation constants, the microenvironment can have other effects on the properties and functions of amino acids.  For example, cysteines buried in a hydrophobic environment are often used in oxido​reductase reactions, while those buried in a hydrophilic environment are used in hydrolase reactions (e.g., thiol proteases).


3.  Hydrophobicity: Hydrophobicity is a lot like pornography: everyone knows it when they see it; but it is awfully difficult to define precisely.  It is often defined as the property of repelling water; but there really isn’t any repulsive force.  It is merely the absence of attraction, which just further muddies the water.


It gets even harder when one tries to quantitate this property.  Yet, it is this very methodology that often helps students grasp the meaning of hydrophobicity in biological systems.  Life is water-based; whenever NASA looks for extraterrestrial life, it looks first for liquid water.  Biological systems use hydrophobic structures to create barriers that compartmental​ize cells.  As such, one way of quantifying hydrophobicity is to measure the partitioning of a molecule, in this case an amino acid, between a hydrophobic and a hydrophilic environment.  Specifically, one measures the energy required to move an amino acid from a hydrophobic to a hydrophilic milieu.  Since all amino acids are zwitterions, they are all hydrophilic.  Therefore, the values are compared to glycine, which has an amino and carboxyl group but essentially has no R group.  Therefore, the values better reflect the R groups.  A positive value means it takes energy to move the molecule from a hydrophobic to a hydrophilic environment; i.e., it prefers the former.  And the larger the value, the more hydrophobic the amino acid is.  There are a variety of methods based on this concept (Table 1); they differ mainly in the context of the amino acid and the nature of the hydrophobic environment.

Table 1.  Methods for measuring hydrophobicity
	Method
	Amino Acid
	Hydrophobic Environment
	Measurement

	Radzika-Wolfenden
	Isolated
	Cyclohexane
	Partition

	MacCallum
	Isolated
	Dioleoyl phosphatidyl​choline bilayer
	Partition

	Wimley-White
	Acetyl-WLXLL (X= test amino acid)
	Octanol
	Partition

	Moon-Fleming
	Test amino acid at position 210 of porin1
	Dilauroyl phosphatidyl​choline bilayer
	Partition between water (unfolded) and bilayer (helix)

	Hessa
	Test amino acid in extra helix of leader peptidase2
	Endoplasmic reticulum
	Membrane insertion of extra helix2



1Middle of a plasma membrane helix.


3An extra helix is genetically engineered into the peptidase and its insertion into the membrane can be determined by locating which side of the endoplasmic reticulum the carbohydrate markers are.


A newer technique is based on a different principle.  Water on a hydrophobic surface will form a bead, while it forms a film on a hydro​philic surface.  The test amino acid is polymerized and induced to form a β sheet: if the angle between a nanowater droplet and the plane (θ) is >90o, the amino acid is hydrophobic.  Conversely, if it is <90o, it is hydrophilic:
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Finally, one can perform a functional analysis by simply surveying atlases of protein structure and cataloging which amino acids are found in the hydrophobic core and which are on the surface.  Is it any wonder that different textbooks have such varying values for hydrophobicity?


4.  Role of Amino Acids in Proteins (see any standard biochemistry textbook for structural and physiochemical properties)


Mother Nature is very frugal; if she could get by with less than 20 amino acids, she would.  The standard amino acids found in proteins were not the result of happenstance; evolutionary evidence indicates that the amino acids were added in three separate waves, suggesting a measured recruitment.  Nor are the amino acids limited by the genetic code: selenocysteine was added late by appropriating one of the termination codons.  Therefore, each amino acid has some unique property that allows it to fill some critical need in a protein; and these functions will be considered now.


Hydrophilic amino acids form the shell of globular proteins and help to solubilize the protein.  They can also form hydrogen and ionic bonds to stabi​lize the protein structure.  Both aspartic and glutamic acid have an extra car​boxylic acid group in the R group; the difference in chain length leads to a difference in pK3’s (3.9 and 4.3, respectively).  Although both are normally charged at physiological pH, this difference becomes critical in lysozyme, an antibacterial enzyme found in tears.  The low pH of tears combined with the local environment result in the glutamate in the catalytic site being proton​ated, while the aspartate remains ionized.  The glutamate then donates its proton in an acid hydrolysis of the bacterial cell wall, while the negatively charged aspartate stabilizes the intermediate.  A third carboxylic acid can be incorporated into glutamate via a vitamin K-dependent, posttranslational modifi​cation (γ-carboxy​glutamic acid).  Two carboxylic acids in the R group form an excellent calcium chelator and γ-carboxy​glutamic acid is found in blood clotting factors and some bone proteins.  Warfarin, a vitamin K antagonist, acts as an anticoagulant by reducing this posttranslational modification and rendering the blood clotting factors less able to be activated by calcium.


Both aspartic and glutamic acids can be amidated: asparagine and glut​amine, respectively.  Although amides are not charged at physiological pH, the polarity of the carbonyl still renders the side group hydrophilic.  Asparagine is one of three major attachment sites for sugars: N-glycosylation.  The other two are serine and threonine: O-glycosylation.  Glutamine can form an isopeptide bond with lysine (see below).


There are two basic amino acids: lysine, which has a second amino group, and arginine, which has a guandinium group.  Both are normally charged at physiological pH.  As noted above, lysine can form an isopeptide bond with glutamine: an enzyme, the transglutamid(n)ase replaces the amide in glutamine with the ε-amino group from lysine:



Gln-CO-NH2 + H2N-Lys ──> Glu-CO-NH-Lys + NH3
This is only one of two common covalent bonds within proteins.  Because covalent bonds are the strongest, they are very important in stabilizing protein structure.  Isopeptide bonds are almost always intermolecular.


Lysine is also subject to a variety of posttranslational modifications.  Acetylation frequently signals abundant substrate and, therefore, inhibits catabolic enzymes and stimulates anabolic ones.  Methylation of lysines on histones is often associated with chromatin condensation and transcription repression.  In the catalytic site of aldolases, the lysine can form a Schiff’s base.


Finally, although lysine is considered a hydrophilic amino acid because of the charged ε-amino group, this amino group is at the end of a long alkyl chain, which is hydrophobic.  Lysine can exist near the ends of transmembrane helices: the hydrophobic chain lies along the helix, while the amino group protudes beyond the bilayer.  Such an arrangement is called snorkeling; similar amino acids, such as arginine, can also exhibit snorkeling.  These hydrophobic chains can also contribute to van der Waals forces in protein-protein interactions.  For example, Factor VIII and the low density lipo​protein (LDL) receptor interact via an alkyl chain interaction between two lysines. 


Arginine, like lysine, can form hydrogen and ionic bonds.  Indeed, both can form multiple bonds with each guanidino or amino group, thereby estab​lishing a network of bonds to tie several points together.  Arginine in histones can also be methylated; this post​translational modification is associated with transcription.


Although histidine is often grouped with lysine and arginine as a basic amino acid, it has a pK3 of 6.5 (cf. lysine, 10.4, and arginine, 13.8); and thus it is not charged at physiological pH.  However, local environment can raise the pK3 into the lower edge of the physiological range.  This would result in histidine being charged at low pH’s, but uncharged at higher ones, allowing histidine to act as a pH sensor (e.g., in hemoglobin).  The imida​zole ring can resonate, which enables histidine to chelate metals ions (e.g., iron in hemoglobin) and participate in electron relay systems (e.g., in serine proteases).


Hydrophobic amino acids segregate themselves away from water, and in so doing, are the primary force in protein folding.  However, because van der Waals forces are so weak, packing is important.  There are several examples that illustrate this phenomenon well.  The first is the partial specific volume, a parameter that is required for the determination of molecular weight using sedimentation velocity.  Essentially, the partial specific volume is the inverse of density: density is the number of grams one cubic centimeter of matter weights; partial specific volume is the volume occupied by one gram of matter.  For a protein of known amino acid composition, the value is easily calculated: the partial specific volume for individual amino acids can be found in most biochemistry handbooks; and the partial specific volume of the protein is nothing more than the sum of the partial specific volumes of its constituent amino acids.  What that says is that there is absolutely no empty space within the protein core.  If there were, the volume of the protein would be greater than the sum of its parts.  In other words, all of the core amino acids fit hand-in-glove.  Indeed, recent studies have calculated an energy penalty of 36 cal•Å-3 of empty space.  [Note: For graduate students, I explain that this is only true for smaller proteins.  Basically, the larger the protein, the larger the core and the more weak bonds form.  This extra stability allows the protein to tolerate some gaps.  For these proteins, there is a correction factor that can be calculated and is based on the estimated molecular weight.]


Another example is the fact that 94% of all mutations in the core are to smaller amino acids; that is, there simply is no available space to accommodate a larger amino acid.  If enough time has elapsed, one often sees a compensatory mutation in an adjacent amino acid to fill the space optimally.  One last example is the leucine zipper.  This is a short coiled coil; that is, two or more α helices twisting around each other.  These are fibrous proteins and where the coils touch is equivalent to the hydrophobic core of globular proteins.  In long coiled coils, such as intermediate filaments, any hydrophobic amino acid will do; but for short coiled coils, the “core” is so small and the forces so weak that the amino acids must fit perfectly to maximize their binding.  In a coiled coil, the number of amino acids per turn is slightly distorted from 3.6 to 3.5, so that every seventh amino acid is superimposed.  This position must be occupied by leucine, generating a strict leucine heptad repeat.  Originally, it was thought that the requirement for leucines was a result of their forked tails interdigi​tating (ergo, the name leucine zipper); but rather it was the result of their perfect size to make maximal contacts and the strongest bonds.


Hydrophobic amino acids can also be found in transmembrane domains and in binding pockets designed for hydrophobic subtrates (enzymes) or ligands (transport proteins or receptors).


The usual catalog of hydrophobic amino acids begins with those having an alkyl side chain and, unfortunately, this list often begins with glycine.  “Unfortunately” because glycine does not have an R group and is not really hydrophobic.  Because it is the smallest amino acid, it is found in tight places: e.g., turns and in between closely packed helices, such as the collagen triple helix.


Alanine is the first real alkyl amino acid; but a single methyl group is not strongly hydrophobic.  As such, alanine is frequently found in interfaces, such as the membrane border.  The other members of this group are much more hydrophobic and serve the functions described above.


There is one additional “alkyl” amino acid that is never listed with this group: methionine.  Because of its sulfur, it is usually listed with cysteine; but it is essentially an alkyl amino acid.  Carbon and sulfur have basically the same electronegativities (2.55 and 2.58, respectively) and sulfur is about the same size as a methylene group.  From this information, it should not be surprising that methionine is found in the same places that other hydrophobic amino acids are located.  A major difference is that methionine is unbranched and, therefore, has three rotatable bonds so that its three-dimensional structure is less fixed.  This may be why branched chains are preferred.  However, its flexibility can be an advantage when adapting to variable surfaces.

Nonetheless, sulfur does have some unique properties that bestow some unusual functions on methionine.  First, it can be oxidized by reactive oxygen species (ROS) to methionine sulfoxide:
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In this way, methionine acts as a sacrificial lamb to protect the more critical parts of the protein from damage.  However, there is a problem with this scenario: methionine is not very accessible to ROS while it is buried in the protein core.  Cells have an amazing mechanism for shifting some of these amino acids to the protein surface: ROS stimulate a member of the mitogen-activated protein kinase (MAPK) family, which in turn phosphorylates the methionyl tRNA synthetase.  The modified enzyme will misacylate up to 10% of methionines, attaching them onto other tRNAs, especially those for charged or polar amino acids.  Since these latter residues would likely be found at the surface, their misacylated tRNAs would result in the similar placement of methionines at the surface, where they would be better exposed to ROS.  This oxidation can be reversed by methionine sulfoxide reductase.


Some authorities have even suggested that ROS can act as second messengers and that the oxidation of methionine is a regulatory posttrans​lational modification: this modification has been reported to activate the calmodulin-dependent protein kinase II (CaMKII) and both the large conduct​ance calcium-activated potassium channels (BKCa/Slo) and the  temperature-sensitive transient receptor potential V2 ion channels (TrpV2).  However, it inhibits the nucleotide exchange factor for heat shock protein 70, which results in longer residency time for bound proteins and enhanced protection from ROS.  It also inhibits the insulin receptor, leading to insulin resist​ance; and it triggers the dissolution of the stress granule (see 4.b.5) below).


The sulfur in methionine can also coordinate metal ions, preferring transitional metals, such as Mn, Fe, Co and Zn, over Ca and Mg.  Sulfur can also form hydrogen bonds that are surprisingly strong in view of its weak electronegativity: -23 kJ/mol for –N-H•••S- (cf. classic hydrogen bond: -20-30 kJ/mol).  Finally, methionine can form a S-π bond with aromatic residues, much like the cation-π bonds seen with basic amino acids.

The aromatic amino acids serve the same general hydrophobic functions as the alkyl amino acids; however, they can have other functions.  First, they can form additional types of bonds: the π orbitals of the rings can interact with each other (ring stacking) or with positive charges (cation-π bond).  Second, whereas phenylalanine is strictly hydrophobic, both tyrosine and tryptophan can hydrogen bond via their hydroxyl and indole amino groups, respectively.  As such, they have both hydrophobic and hydrophilic characteristics.  Because of this dual nature, they are often found at membrane interfaces and in ligand-binding sites.  In the latter, the hydrophobicity prevents water from blocking the site, while the hydrogen bonds can interact with the ligand when it appears.  They can also donate their hydrogens to detoxify ROS and direct them away from active sites.  Similarly, they can direct electrons to active sites in cytochromes.


Tyrosine can undergo several posttranslational modifications: most notably phosphorylation, which is frequently found in mitogenic signalling pathways.  Tyrosine sulfation is critical for some protein-protein inter​actions; but tyrosine nitration appears only to represent pathological damage by nitric oxide.  Finally, the indole ring of tryptophan is flat and can form “cages” to restrict movement; e.g., three tryptophans in bacteriorhodopsin box in retinal to prevent photoisomerization other than at the C13-C14 double bond.


Serine and threonine have hydroxyl groups, which can either be phospho​rylated or glycosylated.  The former represents a means of regulating proteins, while the latter is called O-glycosylation (cf. asparagine above).  The pKa of the hydroxyl group in serine is 13; as such, one would not expect it to be ionized at physiological pH.  However, in the serine proteases, an adjacent acidic amino acid lowers the pKa so that the negatively charged oxygen can attack the carbonyl of the peptide bond to be broken.  A similar phenomenon occurs with cysteine in thiol proteases, where it is the nega​tively charged sulfur that attacks the carbonyl.


Cysteine serves many roles in proteins.  First, the sulfhydryl groups can be oxidized to form disulfide bonds that covalently cross-link, and thereby stabilize, proteins:




2 Cys-SH ═══ Cys-S-S-Cys

The disulfide bond is more versatile than the isopeptide bond described above in that it can form either inter- or intramolecularly and is readily reversi​ble.  Indeed, because the oxidation occurs near the redox potential of the cell, cysteine can also be used as a redox sensor.  Furthermore, it can react with ROS via sulfenylation (Cys-SOH), thereby acting as an ROS sensor; and it can act as an antioxidant by using its hydrogen to reduce ROS (e.g., in glutathione, GSH):

                                  glutathione
                     2 GSH + ROOH ───────────> GSSG + ROH + H2O
                                  Peroxidase

The sulfur can coordinate zinc and iron ions, as well as react with nitric oxide (Cys-SNO) and hydrogen sulfide (Cys-S-S-H).  Both of these gases are used as hormones and can alter protein function.  In addition, nitric oxide is highly unstable when free, but much more stable when bound to Cys.  As such, cysteines in proteins can act as nitric oxide reservoirs.


Proline is the only amino acid that is a secondary amine; this gives proline both a unique structure and many unique functions.  First, the cyclic configuration generates a nearly perpendicular peptide bond, which is incom​patible with any secondary structure save the polyproline helix families.  As such, proline is often referred to as a “helix-breaker”.  Although a single proline will not totally disrupt a helix, it does introduce a kink.  Prolines are abundant in random structure and at domain interfaces and may set off these latter regions for recognition.  The prolyl peptide bond is also resistance to many proteases and can be found near proteolytic processing sites to prevent nibbling beyond the targeted cleavage site.  Finally, the acute peptide bond is ideal for tight turns, such as the β turn between β strands.


Another unique property of the prolyl peptide bond is its inter​con​version between cis and trans.  The electrons in the carbonyl are spread over the peptide bond, giving the latter partial double bond characteristics, including the absence of rotation.  The peptide chain is either fixed on opposite sides of the bond (trans) or the same side (cis).  For all amino acids except proline, the free energy for the trans conformation is 2.5 kcal/mol less than the cis, resulting in 99.5-99.7% of all such bonds being trans.  However, the difference in the free energy for the bond on the amino side of proline is only 0.5 kcal/mol.  Although the trans conformation still dominates, the frequency of the cis conformation varies between 5% and 10%.  Furthermore, this conformation can flip back and forth to generate two different structures with different functions, thereby acting as a switch.  Finally, the interconversion can be regulated.  A prime example of this is Pin1, a peptidylprolyl cis-trans isomerase.  Pin1 is regulated by substrate phosphorylation: it only catalyzes the prolyl bond isomerization if there is a phospho​serine or phosphothreonine preceding it.  A few examples will illustrate this phenomenon: Itk, a soluble tyrosine kinase (STK), has an SH2 domain containing a proline in its loop.  In the trans position, the loop juts out, is more mobile, and binds a phosphotyrosine; in the cis position, the loop folds down, is less mobile, and binds an SH3 domain.  5-Hydroxy​tryptamine (serotonin) activates several channels: when it binds to the 5-HT5 channel, a cation channel, it induces a switch from trans (closed) to cis (open).  Histones can undergo a large number of posttranslational modifi​cations that influence gene expression.  When a proline in histone H3 is in the trans position, H3 is recognized by a methylase; but in the cis position, it is recognized by a demethylase.


Finally, regions rich in proline can form polyproline helices.  These are actually a family of related structures.  Although collagen is perhaps the best known polyproline helix, many transcription factors have short runs of polyproline helices.  These helices tend to be sticky and are often involved with protein-protein interactions.

Section 2:  Protein Structure


1.  Ionic Bonds: Ionic bonds initially appear to be the strongest non​covalent bond in proteins, both because of their free energy of formation and the slow drop in free energy as the distance between the ion pair increases.  But looks can be deceiving.  Charges attract water and the free energy of solvation is nearly equal to that for the ionic bond itself.  This is why table salt readily dissolves in water: the ionic bond between sodium and chloride cannot compete with hydration.  As such, the most important and most highly conserved ionic bonds are actually buried either within the protein or in interfaces between proteins, where they also contribute to protein-protein specificity.  Finally, their charge allows them to network; that is, to participate in multiple bonds simultaneously.


2.  Nonclassic Hydrogen Bonds (see any standard biochemistry textbook for a description of the classic hydrogen bond)


Not all hydrogen bonds fit the classic description of a linear bond, 0.27-0.32 nm in length, and having a free energy of -20-30 kJ/mol.  First, a hydrogen shared between a hydoxyl group and oxygen (O-H···O) or between a carbon and oxygen (C-H···O) are slightly bent (150-155°).  Second, bonds can be shorter or longer depending on the environment.  If the bond is with a charged species, the bond is stronger and shorter.  Nearby metal ions can also decrease bond length by increasing polarity.  Finally, bonds in a hydrophobic environment are also shorter.  The latter is often explained as either a crowding effect or the lack of competing hydrogen bond donors.


Conversely, hydrogens can bond to the π orbitals of aromatic rings.  The hydrogen is centered in the ring to gain equal access to the π orbitals, but this puts them at a greater distance than seen in the classic hydrogen bond (0.32-0.38 nm).  The greater distance combined with the van der Waals-like character of the bond results in a much lower free energy (-1 kJ/mol).


3.  Quinary Structure (see any standard biochemistry textbook for a description of primary through quaternary structure)


To a student, the eukaryotic cell is literally microscopic (10-100 μm diameter); but to a molecule it is huge (1 nm diameter for glucose).  To make matters worse, the cytoplasm is very viscous due to the high protein concentration (300-400 mg/ml).  Cytosol (cell + solution) is sometimes used as a synonym for cytoplasm; but it is clearly a misnomer.  “Cytogel” would be a more accurate term.  Indeed, the diffusion of green fluorescent protein in eukaryotic cytoplasm has been determined to be only 27 μm/s.  Considering that an average cell with a diameter of 30 μm has a volume of 14,000 μm3, the difficulty of moving from one part of the cell to another becomes obvious.  Next consider a substrate, such as glucose, traversing a metabolic pathway involving multiple enzymes.  If the enzymes were scattered about the cytoplasm, the substrate would have to find the first enzyme, undergo the first reaction, and then the product would have to find the second enzyme, etc.  Progress through the pathway would be slow and inefficient.


Mother Nature is rarely slow and inefficient.  In truth, the enzymes of a metabolic pathway often gather into assembly-line structures known as metabolons.  This is quinary structure; and it permits the organization and compartmentalization within cells.  Some of the best-studied metabolons include the purinosome, which contains all the enzymes for purine synthesis, and the respirosome, which comprises the electron transport chain.


4.  Random Stucture: As the structures of progressively more proteins were determined by X-ray crystallography, it became apparent that all proteins had fixed struc​tures which, in turn, were critical to their functions.  However, even during these early days there were hints that all was not right.  For example, sections of proteins could often not be visualized in X-ray crystallographic reconstructions, suggesting that these regions did not assume fixed struc​tures.  These findings were frequently dismissed as methodological problems; and random structure was presented in the biochemistry textbooks of the day as intermediates along the folding pathway to a final, fixed structure or as artificial structures created in a test tube using denaturants (compounds that disrupt protein structure).


a.  Functions


It is now known that some proteins have no fixed structure (intrinsi​cally disordered proteins, IDPs) and between a third to a half of all proteins have at least one intrinsically disordered region (IDR, also called low complexity domain) of at least 40 amino acids.  Initially, this came as a shock: structure and function had become so entwined that it was impossible to imagine one without the other.  How could any unstructured region have a function?  Actually, IDPs and IDRs can have many functions:


1)  Accelerate Kinetics: Proteins are held together by multiple hydrogen and ionic bonds.  If they were rigid, all the bonds would have to be broken simultaneously, which would represent a significant energy barrier.  Instead, the proteins can unravel, breaking one bond at a time and speeding up dissociation.


Conversely, an unstructured binding site occupies more space than a compact structure, giving the binding site a greater “capture radius” and hastening association.  So, both association and dissociation kinetics can be accelerated by IDRs.


2)  Molecular Assembly and Recognition: Many IDRs will acquire a three-dimensional structure upon binding their partners, either other proteins or ligands.  Furthermore, the flexibility of IDRs allows them to assume multiple conformations enabling them to bind several different partners.  For example, transcription factors can bind multiple coactivators at sites called transcription activation domains (TADs).  The specificity is often determined by the DNA sequence to which the transcription factor binds.  Different DNA sequences can induce different conformations in the TAD, thereby specifying which coactivator the TAD will bind.  This versatility, in turn, permits individual proteins to serve multiple functions, thereby eliminating the need for duplicate genes and reducing the size of the genome.


3)  Protein Accessibility: Sites of protein modification are often located in IDRs.  These loosely packed regions provide greater accessibility to modifying enzymes.  In otoliths, IDRs also allow calcium easy access to their bind sites.  Otoliths are calcium concretions in the inner ear; they rest on top of sensory cells which detect gravity.  Otolith matrix macromolecule-64 has 231 acidic residues that bind 61 calcium ions; they are located in an IDR in order to make them accessible for calcium binding.


4)  Entropic Chains: Each of the above functions is only temporarily disordered and assume their final compact state upon binding a partner: such domains have been called inducible foldons.  Other IDPs or IDRs are permanently unstructured: the non-foldons or entropic chains.  They are of several types:


a)  Entropic Bristles: Entropic bristles maintain spacing; e.g., they prevent aggregation or premature polymerization.  A simple example would be the neurofilaments which form bundles parallel to the axis of nerve axons.  The filaments contain unstructured side-arms which determine the spacing between the individual filaments.


Another example would be fibrin.  Fibrin polymerizes into strands that form the fibrous skeleton for blood clots.  It consists of six subunits (α2β2γ2); each αβγ trimer forms one side of a shallow V:
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Fig. 1-1.  A Diagrammatic Representation of Fibrin.  The parallel lines represent a coiled coil of three α helices; the ovals are globular domains formed by the carboxy termini of the β and γ subunits; the arrow depicts the carboxy terminus of the α subunit which extends beyond the coiled coil as a “free-swimming tail”.

Fibrin circulates as an inactive precursor, fibrinogen, which has amino-terminal extensions of the α and β subunits, the A and B fibrino​peptides, respectively (not shown in Fig. 1-1).  The fibrinopeptides have a high proline content and are very negatively charged due to sulfation.  As a result, they are unstructured and interfere with the packing of the monomers (Fig. 1-2).  Blood clotting is initiated by a protease cascade that terminates with thrombin.  Thrombin removes the fibrinopepides, allowing the monomers to polymerize:
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Fig. 1-2.  The Activation of Fibrinogen.  The fibrinopeptides are depicted as the short extensions at the apex of the “V”.  Once they are removed, the fibrin monomers can polymerize.


A final example would be the epidermal growth factor receptor (EGFR).  EGF binds to its receptor, induces dimerization and activation.  The dimeri​zation domain in the unbound receptor is an IDR that blocks dimerization.  EGF binding increases order that leads to dimer formation.


b)  Entropic Springs: Entropic springs provide elasticity to a structure; e.g., titin.  Titin is the largest protein in humans and spans half the length of the sarcomere.  The sarcomere is the functional and anatomical unit of striated muscle fibers; during contraction, the thin and thick filaments slide along each other and the sarcomere shortens.  During relaxation, the process is reversed:
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Fig. 1-3.  The Sarcomere is the Basic Unit of Striated Muscle.  Actin (labelled "thin" for thin filaments) is anchored by the Z lines at the ends of the sarcomere; and myosin ("thick") is anchored by the M lines in the center.  Titin (dotted line) extends from the Z line to the M line; only a single titin molecule is shown for clarity.


If titin were completely structured, it would be forced to unravel when stretched during each relaxation; and during each contraction when the sarcomere shortened and tension is removed from titin, it could renature.  This represents an undue energy loss and this problem is solved by the insertion of IDRs within the sequence of titin.  Now with each relaxation only the loose IDPs stretch out.


c)  Entropic Clocks: IDRs can act as clocks based on the time it takes to do a random search; voltage-gated ion channels are an example.  These channels are opened by membrane depolarization.  The amino terminus has a globular domain (ball) connected to the channel by an IDR (tether); rapid channel inactivation occurs when the globular domain occludes the opening on the cytoplasmic side:
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The speed at which this occurs is dependent upon the length of the IDR: the longer the tether, the greater the search area and the longer it takes for the ball to find the hole.  Conversely, the shorter the tether, the smaller the search area and the ball finds the hole more quickly.  Since there is no structure in the tether, its motion is totally random.  Therefore, the channel open time can be adjusted by changing the length of the tether.


d)  Random Cross-links: As noted above, fibrinogen has six IDRs: the four fibrinopeptides that block polymerization and the two α subunit carboxy termini at either end of the “V”.  The initial polymerized fiber is held together by noncovalent bonds, forming a soft clot.  Subsequently, covalent bonds form to create a more secure framework.  The purpose of the globular domains at the ends of the “V” is to align lysines and glutamines so that isopeptide bonds can form to stabilize the fiber (Fig. 1-4a).  It would also be useful for all the individual fibers to be covalently linked.  However, the individual fibers are deposited haphazardly.  The “free-swimming” carboxy termini have no fixed structure and can, therefore, make random contacts and covalent bonds with other fibers, however they may be oriented.
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Fig. 1-4.  Fibrin Cross-Links.  (a)  Intrachain  isopeptide bonds form between the globular domains which align specific lysines and glutamines.  (b)  Interchain bonds form between the α subunit carboxy terminus (the “free-swimming tail”) and other strands.  Thick lines represent the main chains and the thin lines represent the free-swimming tails and their cross-links.


e)  Physiochemical Properties: IDPs and IDRs have a number of interest​ing physiochemical properties that serve several functions.  Because they lack structure, they form fewer and weaker bonds than seen in structured proteins.  These interactions are more dynamic and can lead to phase transitions; i.e., they can interconvert between an aqueous-like and a gel-like state.  This property is the basis for the formation of membrane-less organelles, such as nucleoli, ribonucleoprotein (RNP) particles, stress granules, etc.


Tardigrades (“water bears”) are eight-legged micro-animals.  IDPs protect tardigrades from desiccation by forming an amorphous, glass-like matrix (vitrification) that prevents protein aggregation and denaturation.  They also replace water in bonds.  In other organisms, they can promote cold tolerance by binding to acidic phospholipids to stabilize membranes.  When located in the amino terminus, IDRs can accelerate protein folding by making contact with multiple domains and bringing them together.  Finally, protein phase separation on the surfaces of cell membranes creates a substantial compressive force that induces the inward bending of the membranes.
Phase transition is also sensitive to temperature and can, therefore, act as a temperature sensor.  Early flowering 3 (ELF3) is a component of the circadian clock in Arabidopsis.  ELF3 has a polyglutamine repeat that forms liquid droplets above 28 C; this sequesters ELF3 and reduces its activity during the day.


Although this section is primarily concerned with proteins, nucleic acids can also undergo phase separation.  Short-root is a transcription factor that controls radial patterning of the Arabidopsis root.  G-quadruplex formation in its mRNA will trigger phase separation.

b.  Regulation: This is only a sampling of the many functions IDPs and IDRs can have.  Many of the structures can be regulated by a number of mechanisms:


1)  Phosphorylation: eIF-4E recognizes capped mRNA and helps to load it onto ribosomes.  eIF-4E binding protein (4E-BP) binds, sequesters, and thereby inhibits the translation of capped mRNAs.  However, 4E-BP can only bind eIF-4E when the former is unfolded; this process is regulated by phosphorylation.  Specifically, S6 kinase I (S6KI) phosphorylates 4E-BP, induces folding and inhibits its binding to eIF-4E.


The cAMP response element binding protein (CREB) is a transcription factor that mediates the effects of cAMP.  Its function is facilitated by a coactivator, the CREB binding protein (CBP).  The cAMP-dependent protein kinase (protein kinase A or PKA) phosphorylates the unstructured kinase-interacting domain (KID) of CREB and induces its folding into a binding site for CBP, thereby activating CREB.


Phosphorylation can also trigger unfolding.  p19INK4d inhibits cell cycle progression by binding cell cycle-dependent kinase 6 (CDK6).  Phospho​rylation of p19INK4d by CDK1 and p38 (a member of the MAPK family) induces its unraveling and dissociation from CDK6.  CDK6 becomes activated and the cell cycle resumes.  In titin, phosphorylation does both: the N2Bus domain is neg​atively charged and the introduction of phosphates further enhances repulsive forces and increases flexibility.  However, the PERV domain is basic and the introduction of phosphates enhances ionic bonding, stabilizes structure and increases stiffness.  By using different kinases targeting separate sites, the sarcomere can fine-tune the physical properties of titin.

Phosphorylation can also affect phase transition of membrane-less organelles.  During mitosis the dual specificity tyrosine-phosphorylation regulated kinase 3 (DYRK3) phosphorylates multiple RNA-binding proteins leading to the dissolution of stress granules.

2)  Glycosylation: Ubiquitination is the attachment of a 76-amino acid peptide (ubiquitin) to proteins via an isopeptide bond.  The process involves three components, the last of which (the E3 ligase) chooses the target and attaches the peptide.  Ubiquitination can act as a degradatory or regulatory signal.  In several fungi Skp1 acts as an oxygen-sensitive component of the E3 ligase.  When oxygen levels are normal, a proline hydroxylase will hydroxylate a proline, which then acts as a glycosylation site.  The sugars convert the IDR into an α helix which stabilizes the substrate binding site.  The substrates, which are not needed when oxygen levels are normal, can then be ubiquitinated and destroyed.  Conversely, when oxygen levels are low, the proline cannot be hydroxylated and glycosylated, the substrate binding site remains disordered, and the substrates survive to facilitate the organism’s response to hypoxia.


3)  Acetylation: Histone acetylation antagonizes chromatin phase separation to cause condensates to dissolve and to facilitate transcription.


4)  Methylation: FUS (fused in sarcoma) is an RNA-binding protein involved with transcription and the subsequent processing and transport of RNA.  It also forms RNP particles.  When an arginine in the IDR is unmethy​lated, FUS forms a gel; when it is methylated, the arginine forms a π-cation bond leading to a liquid state.


Methylation of lysine in histone H3 is a marker for inactive chromatin, known as heterochromatin.  This modification promotes protein-protein inter​actions that result in liquid droplets characteristic of heterochromatin.


5)  Proline Isomerization:  CBP (CREB binding protein) is a transcrip​tion coactivator.  When a proline in the IDR is isomerized from cis to trans, it becomes more structured and binds its partner, ACTR (activator of thyroid and retinoic acid receptors).

6)  Light/NADPH: In plants, photosynthesis (which splits water to make NADPH and ATP) and the Calvin cycle (which uses the NADPH and ATP to reduce CO2 to make sugars) are tightly coupled.  The latter is often misleadingly referred to as the dark reactions, because it doesn’t directly require light; but in fact it only occurs in light because it requires the products of photosynthesis.  In the presence of light, photosynthesis makes NADPH which reduces the disulfide bond in CP12 (chloroplast protein of 12 kDa) causing it to unravel and become inactive.  In the absence of light, NADPH levels fall, the disulfide bond reforms and CP12 refolds.  CP12 then binds and inhibits glyceraldehyde-3-phosphate dehydrogenase and phospho​ribulokinase; both are critical enzymes in the Calvin cycle.  In other words, light/NADPH unravels CP12 to prevent its inhibition of the Calvin cycle; in the dark, CP12 refolds and inhibits the Calvin cycle.

7)  Temperature: As noted above, early flowering 3 (ELF3), a component of the circadian clock in Arabidopsis, has a polyglutamine repeat that forms liquid droplets above 28 C; this sequesters ELF3 and reduces its activity during the day.


8)  Oxidation: Oxidative stress induces disulfide bond formation and stabilizes titin structure.  As a result, titin stiffens.


Ataxin-2 (also known as Pbp1) binds the poly(A) tails of mRNAs.  It also has a methionine-rich IDR that is involved with the formation of stress granules.  Stress granules can sequester and inhibit mTOR, a kinase critically involved with protein synthesis.  In the fed state, there is plenty of fuel to burn and the electron transport chain (etc) is generating hydrogen peroxide as a side-product.  This oxidizes the methionine, which melts the stress granule and releases mTOR to stimulate protein synthesis (Fig. 1-5).
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Fig. 1-5. Regulation of Phase Transition by Methionine Oxidation.  Abbreviations: etc, electric transport complex; Met-SO, methionine sulfoxide.


9)  Metal Ions: Translationally controlled tumor protein (TCTP) promotes cell survival via several mechanisms.  Calcium secures an IDR loop against the body of this protein to create a microtubule-binding site.  Phosphory​lation does the opposite and releases the microtubule.  Calcium also activates NADPH oxidase 5 by binding to an unstructured region and inducing the completion of folding.

Zinc binds to the tau protein to promote a more compact structure that favors liquid-liquid phase transition.


10)  Cell Stress:  Hyperosmotic stress induces phase separation whose protein sequesteration affects transcription, translation, and RNA processing in a manner that favors recovery from osmotic stress.  Heat shock is accompanied by a drop in pH, which activates heat shock factor 1 (Hsf1) via a similar mechanism; Hsf1 then initiates a heat shock response.  Finally, yeast are adapted to grow in the hypoxic, hypercapnic conditions found in tissues that they infect.  Carbon dioxide binds to the IDR of protein phosphatase 2C (PP2C) to induce phase separation and activation.  PP2C dephosphorylates and inactivates an inhibitory kinase that, otherwise, would suppress fungal growth.

11)  Chaperone Proteins:  Various chaperone proteins can dissolve gels by virtue of their ability to disaggregate proteins.


In summary, IDRs and IDPs are not test tube artifacts but real, func​tional components of many proteins where their structure and activity are tightly regulated.



5.  Protein Folding

a.  Endoplasmic Reticulum (covered after protein folding in the cytoplasm found in any standard biochemistry textbook)


Proteins that are secreted or inserted into the plasma membrane do not fold in the cytoplasm.  They are synthesized on ribosomes bound to the endoplasmic reticulum (ER) and fed into the lumen where they assume their final structure.  The ER contains proteins homologous to many cytoplasmic chaperones: BiP is equivalent to hsp 70; GRP94, to hsp 90; as well as protein disulfide and peptidyl prolyl isomerases.  However, there is no CCT/TriC.  Nonetheless, there is a system somewhat analogous to this chaperone.


The discussion of N-linked glycosylation will be covered later, but a brief introduction is necessary to understand protein folding in the ER.  N-linked glycosylation occurs in two stages: a prefabricated core is synthe​sized on a lipid carrier and transferred en bloc to an asparagine in the nascent peptide in the ER.  This is called core glycosylation:
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Almost immediately sugars begin to be pared back and new ones added to create unique sequences for each protein class.  This is called terminal glycosy​lation; it begins in the ER but continues in the Golgi.


The unfolded protein is retained in the ER by two lectins (calnexin and  calreticulin) which bind the glucoses.  These lectins are in a complex with protein disulfide isomerases, glucosidases, and related proteins to form a protected pocket, similar to the cavity in CCT/TriC.  The glucosidases remove the terminal glucoses causing the lectins to release the protein so that it can attempt to fold.  If it fails to successfully fold within a short period, it will bind UDP-glucose:glycoprotein glucosyltransferase (UGGT).  UGGT has a large, central hydrophobic cavity that selects for unfolded proteins and readds the glucose.  The protein rebinds the lectins and the entire cycle repeats itself (Fig. 1-6).  As such, it resembles the repeated binding and release within the cavity of CCT/TriC.  Once the protein has folded, it is no longer recognized by UGGT, the glucoses are not readded and the protein is swept out of the ER and proceeds to the Golgi.
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Fig. 1-6.  Protein Folding in the Endoplasmic Reticulum.  See text for details.


This process does not go on forever.  If the protein becomes hopelessly misfolded, there is a timing mechanism that will destroy the protein.  This timer is the mannosidase I which removes mannose from the middle branch deep in the binding pocket.  As a result of this secluded location, removal is a slow process.  If folding is not proceeding properly, the mannose will eventually be removed.  Without this mannose, the protein is a poor substrate for the glucosidases; with the glucoses intact, the protein remains bound to calnexin and calreticulin, which eventually transfer it to a mannose lectin, EDEM (ER-associated degradation extracting misfolded glycoproteins).  EDEM, in turn, transfers it to the cytoplasm for elimination in the proteasome.


b.  Scaffolding Proteins and Quaternary Structure: Chaperones are also used in the formation of quaternary and quinary structure.  The details are beyond the scope of this supplement but three examples will be briefly presented to illustrate the strategy for this assembly: the nucleosome, proteasome, and ATP synthase.  All three will be assembled in a modular fashion.


The nucleosome represents the first level of chromatin condensation: the DNA is wrapped around an octet of histones.  It has three modules: histone H3 and H4 (two each) form the lexosome which is spiral in shape like a locking washer and which directly binds the DNA.  There are two histone H2A-2B dimers that form wedges.  They will even out the spiral to create a disk.  The basic strategy for creating quaternary structure is to construct the modules independently and then assemble the modules into the final complex (Fig. 1-7).  In the case of the nucleosome, the chromatin assembly factor-1 (CAF-1) binds H3H4 and brings them to the site of DNA replication.  The nucleosome assembly protein-1 (NAP-1) then binds the H2AH2B dimer and transfers it to the lexosome.
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Fig. 1-7.  Assembly of the Nucleosome.  See text for details.


The proteasome is the garbage disposal of the cell; it is a tube of proteases that hydrolyze proteins targeted for degradation.  The tubes consists of 4 rings (two containing α subunits and two containing β subunits) with a cap at either end.  The proteasome assembly factors (PAC1 and PAC2) facilitate the formation of the α ring (Fig. 1-8).  Then the proteasome maturation factor (POMP) assembles the β ring on top of the α ring to form a half-proteasome.  Subsequent dimerization of the half-proteasome completes the tube.  Meanwhile, the ends are assembled separately by different chaperones and added to the tube.
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Fig. 1-8.  Assembly of the Proteasome.  The tube and caps form separately before final assembly.  The base and lid are constructed from several proteins (not shown).


The ATP synthase synthesizes ATP from the proton gradient created by the electron transport chain (etc) in the mitochondria.  There are three modules: three copies of the enzyme form a sphere through which runs a rotor; the c ring rotates as the protons flow back into the mitochondrial matrix; and the stator with its base keeps the sphere from rotating as the rotor turns.  Each module is assembled separately (Fig. 1-9).  Then the sphere is joined to the ring and the stator-base is added last.
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Fig. 1-9.  Assembly of the ATP Synthase from Three Separately Fabricated Modules.  Each module is constructed from many proteins (not shown).  See text for details.


c.  Nonchaperone Factors in Protein Folding: To this point the dis​cussion of protein folding has been restricted to chaperones, as well as related enzymes, such as the protein disulfide isomerase and the peptidyl​proline cis-trans isomerase.  However, there are many other factors that can affect protein folding.


1)  The Protein Itself: Many proteins can assist in their own folding.  Insulin is initially synthesized as a single protein, proinsulin.  Insulin is formed when the middle section, the C peptide, is removed.  The remaining A and B chains are joined by disulfide bonds.  The C peptide is necessary to position the cysteines so that these bonds form in the correct locations.  Probovine pancreatic trypsin inhibitor has a signal sequence that increases the rate of folding.  In part, this is due to a cysteine that facilitates disulfide interchange. 


2)  The Process of Translation: Proteins are synthesized linearly from the amino terminus.  This allows the amino terminus to begin folding before any possible interference can occur from the carboxy terminus.  One of the best examples of this phenomenon is anthranilate synthase/indoleglycerol phosphate synthase, a fused enzyme in the tyrosine synthetic pathway.  The anthranilate synthase occupies the amino terminus and the indoleglycerol phosphate synthase is found in the carboxy terminus.  Between the two enzymes is a spacer whose amino acids use nonpreferred codons.  Such a situation would momentarily slow translation; and it was assumed that this pausing was required to allow the amino terminus to finish folding before the carboxy terminus was synthesized.  This assumption was confirmed when the codons were switched to preferred ones; the actual amino acid sequence was unchanged.  The pause was eliminated and the protein was misfolded.


The converse can also be true.  Multisubunit bacterial proteins often have their subunits encoded in adjacent genes.  Because bacteria do not have a nuclear membrane, transcription and translation can occur simultaneously.  Having the subunits translated on ribosomes that are close to each other is necessary for the proper assembly of the subunits.


The ribosomes themselves can play an active role: rRNA surrounds the ribosome exit tunnel.  Binding of the nascent proteins to the negatively charged nucleic acid restricts their conformational options, thereby facilitating folding.  Indeed, the shape and dimensions of the exit tunnel favor simple conformations until exiting occurs.


3)  Posttranslational Modifications: Proteins are subject to many post​translational modifications and most of them can affect protein folding.  Glycosylation facilitates folding by several mechanisms.  First, sugars with their many hydroxyl groups can form hydrogen bonds to stabilize three-dimensional structures.  Second, because of their bulkiness, glycosylation favors β turns and trans proline bonds.  Third, they can mask hydrophobic amino acids.  Finally, they play a critical role in protein folding in the ER (see Section 4 above).


Myristoylation (the attachment of a saturated 14-carbon fatty acid) also facilitates folding in the same way that hydrophobic amino acids do: by avoiding water it helps form a core around which the protein collapses.   Palmitoylation also assists folding but to a lesser degree.  On the other hand, prenylation (the attachment of an isoprenoid polymer) impairs folding because its methyl side-chains disrupt packing.


Because of its charge and/or size, phosphorylation usually impairs protein folding, but there are exceptions.  As noted above (Section 3, 2.a.), phosphorylation of 4E-BP converts an IDR into a helix.  Finally, O-GlcNAcylation (the attachment of an N-acetylglucosamine to a serine or threonine) impairs α-helix formation.

Section 3:  Protein Techniques


1.  Strategy of Protein Purification (see any standard biochemistry textbook for a description of individual techniques)


a.  Preliminary Considerations: When planning a purification scheme, there are several basic principles to keep in mind:


1.  Flow from high-capacity/low-cost techniques to low-capacity/high-cost ones.  This is common sense: one begins with a large sample which shrinks as the targeted protein becomes more pure.  So, in the beginning one wants to use techniques capable of handling large volumes; and because of the size, it should be cheap.


2.  Techniques should be as gentle as possible.  This, of course, will depend on the use of the purified protein.  Proteins needed for their biological or enzymatic activities should be protected from denaturation.  This is of less concern, if the protein will only be used for structural studies.  However, a native conformation preserves all of one’s options.


3.  Each step should exploit a different property.  Again, this is common sense: if one separates proteins based on their molecular weight once, what advantage is there to base a second step on this same trait?  There are special exceptions (see below).


4.  Minimize dialysis and lyophilization (freeze-drying).  Dialysis removes salts and other small molecules in preparation for lyophilization, which removes the water.  This reduces sample size and makes handling the sample easier.  However, dialysis can take several days during which the targeted protein is exposed to proteases, at least in the early stages of purification.  Furthermore, when freezing an aqueous sample, the water crystallizes first.  This concentrates the protein as the aqueous phase shrinks.  At high concentrations, proteins can aggregate.


5.  Perform all steps and store samples at the lowest temperature possible.  This minimizes degradation.  However, avoid repeated freeze-thawing (see (4) above).


b.  Monitoring: Purification techniques fractionate samples based on some property.  One must then determine in what fraction(s) the desired protein is.  First, one needs an assay that will detect it.  If it is an enzyme, one can devise an enzymatic assay.  If the protein is part of a larger family, some members of which have already be purified and for which antibodies have been generated, one might construct an immunoassay if there is cross-reactivity with the new member.  Biological assays are a last resort: they are often expensive, slow and imprecise.


Precision is important for monitoring the progress of the purification.  For example, one should measure total activity before and after each step (called recovery).  A sudden, dramatic loss in activity suggests denaturation has occurred.  In the case of an enzyme, it may also signal that a critical coenzyme has been removed.  This can be tested by adding back fractions in an attempt to regenerate the activity.  Occasionally, one may find more activity after a step than one started with; this might be explained by the removal of an endogenous inhibitor.  Another parameter to monitor is specific activity: this is the ratio of total activity to total protein.  As the desired protein becomes more pure, the contaminating protein is removed and the denominator shrinks; i.e., the specific activity increases.  This parameter can be used to judge the usefulness of individual steps: if the specific activity rises only slightly after a particular step, it is not very effective and may be eliminated.


c.  Source and Extraction: Another decision that must be made before purification begins is the source of the protein.  It may seem obvious that one would want to start with the richest source, as that would theoretically require the fewest steps for purification; but there may be other considera​tions.  The author can provide an example from his own research on the hormonal regulation of mouse mammary gland differentiation.  Mouse milk proteins are required as standards for assays that monitor differentiation; and these proteins are not commercially available and must be isolated by the individual investigators.  Mouse milk is the richest, cleanest source of such proteins.  However, it requires that lactating mice be milked, a tedious and laborious task with small yields: about one milliliter/mouse/milking.  A colleague of the author would have none of this and devised a procedure for extracting milk proteins from homogenized, lactating mammary glands.  This sample was contaminated with cellular and blood proteins and required a much more extensive purification scheme than needed for milk; but for her, it was worth not having to milk mice.


If the sample is not already liquid (e.g., milk, serum, etc.), the first step will be extraction, usually after homogenization.  This seemingly simple step requires careful evaluation: What pH?  What ionic strength?  Will detergents be required?  The answers to these and related questions can only be answered empirically by performing miniextractions under various conditions.  Further​more, the buffer should always contain a protease inhibitor.


One final note.  The principal investigator should find out beforehand as much about the protein as possible.  Any special trait the protein exhibits may be exploited in developing a purification protocol.  For example, tubulin reversibly forms insoluble microtubules in response to calcium chelators.  Brain homogenates, a rich source of microtubules, are subjected to a high speed centrifuge spin in buffers containing calcium chelators.  Microtubules remain intact and are found in the precipitate.  Calcium is added, the microtubules depolymerize, and the sample cenrifuged again.  This time the tubulin monomers are in the supernatant, while most of the previously precipitated material reprecipitates.  A few cycles is all that is required to purify tubulin.


Another example is α-lactalbumin, a milk protein.  The author had frozen, lactating mouse mammary glands that he has intended for a project that was abandoned.  Not wishing to waste the tissue, he decided to purify α-lactalbumin from them using his friend’s protocol (see above).  Immediately after the homogenization step, he remembered that α-lactalbumin is a small, heat-stable protein.  He placed the homogenate in a boiling water bath for a few minutes; the resulting coagulation was so massive that the precipitate had to be washed several times to recover the α-lactalbumin, which was unfazed by the procedure.  So many contaminating proteins had been removed that the supernatant could be treated as whey in the simpler purification scheme.


d.  Order: Generally, one begins with a large sample and the first step should be able to handle this amount and reduce it to a more manageable size.  Some type of precipitation step is ideal for this purpose.  In addition, it is cheap.  However, in the case of salt precipitation, this will produce a sample containing a very high salt concentration, which would not be suitable for ion-exchange chromatography.  Although the salt could be removed by dialysis and lyophilization, these procedures should be minimized.  Gel filtration separates molecules by molecular weight and is relatively independent of the salt concentration in the buffer.  Indeed, the salt itself is treated just like the proteins and segregates at the end of the column, because of its small size.  That is, in addition to separating proteins by molecular weight, it can also be used as a desalting column.


If the gel column is run in the starting buffer of the ion-exchange column, one can take the active sample and pump it directly onto the ion-exchange matrix.  There is a potential problem with this strategy: ion-exchange chromatography is very sensitive to salt; but the use of a gel column buffer with no salt could lead to protein aggregation, which would reduce the separating power of the column.  One might be able to run the gel filtration column in a small amount of salt and then dilute the sample to reduce the salt concentration to a level that would not interfere with the binding of the targeted protein to the ion-exchange matrix.  Alternatively, the sample could be briefly dialyzed to remove most of the salt before applying to the next column.  Large sample size is not a problem, since the protein will stick to the ion-exchange matrix.


Additional ion-exchange matrices can be used in tandem: e.g., a cation exchanger followed by an anion exchanger.  The active fraction from the first column could be dialyzed against the starting buffer for the second column, eliminating lyophilization.


Affinity chromatography can be used, if further purification is necessary.  Since these matrices tend to be expensive, this step is delayed until the sample size is small.


The last step is usually a second gel filtration step.  This may seem contradictory to the principle of not using two steps exploiting the same property.  However, for large samples, proteins on a gel filtration column run relative to each other and tend to spread out over more than the calculated column volume.  Repeating this step when the sample size is smaller will result in the protein running truer to its real molecular weight.  This phenomenon, in fact, can be seen in all chromatography procedures: e.g., proteins compete both with each other and with the buffer salt for available sites on the matrix.  Therefore, in the company of a different constellation of proteins, the desired protein may shift its position.  If after the first pilot run, some steps are eliminated because there is little increase in specific activity, or if any other change is made, the entire procedure must be revalidated, because the protein profiles could change.


2.  Amino Acid Composition (see any standard biochemistry textbook for a description of the basic topic)


a.  Timed Hydrolysis: A proper amino acid analysis includes a timed hydrolysis; that is, individual samples must be hydrolyzed for 24 h, 48 h, 72 h, and 96 h.  This technique will allow one to correct for the degradation of sensitive amino acids, such as serine or threonine.  The destruction is linear over time; therefore, a timed hydrolysis allows one to extrapolate to zero time, which should represent the true number of residues (Fig. 1-10, left).
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Fig. 1-10.  Timed Hydrolysis of Proteins.  A representative profile for sensitive amino acids (e.g., serine or threonine) is shown on the left; and that for hydrophobic amino acids, on the right.


Conversely, the bond between hydrophobic amino acids will be slow to hydrolyze, because the aqueous acid will be impeded by the hydrophobic R groups.  In this case, the value closer to the true residue number will be at the plateau (Fig. 1-10, right).


b.  Tryptophan Determination: Tryptophan is totally destroyed by acid hydrolysis and must be determined by other means.  The easiest is based on the unique absorbance of the indole ring at 288 nm.  There is some overlap with the phenol ring of tyrosine at 280 nm.  Therefore,the molar extinction coefficient is determined at both 288 nm and 280 nm and inserted into the following equation:






NTrp = _ε288_  _  _ε280_






3,103    10,318
The absorbances should be made in a denaturing solvent so that the residues will be fully exposed.


Other techniques have been proposed.  Reagents that can protect tryptophan during acid hydrolysis can be added; e.g., thioglycolic acid has been reported to give about 85% recovery.  Alternatively, tryptophan is stable to alkaline or protease hydroysis; however, the former destroys many other amino acids.  Finally, there are colorimetric assays for tryptophan: p‐dimethylaminbenzaldehyde will react with indole rings to give a blue color.


c.  Cysteine Determination: Cysteines are also destroyed by standard acid hydrolysis.  The simplest solution is to convert the cysteines to cysteic acid by performic acid hydrolysis.
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   ║





  HCOOH




R1CH2-S-S-CH2R2 ─────> R1CH2SO3- + R2CH2SO3-
Cysteic acid is stable to acid hydrolysis and can be quantitated on an amino acid analyzer.  This reaction is performed on a separate sample, since many other amino acids will be destroyed by performic acid.  


Alternatively, cysteines can be reduced and labelled with radioactive iodoacetic acid:




RCH2-SH + I14CH2COO-  ───> RCH2-S-14CH2COO-
The protein is precipitated, washed and counted.  The number of cysteine residues is determined by the following formula (M, molecular weight; SA, specific activity):





NCys = ___M X dpm/mg___





SA X (222 X 107)

d.  Total Amides: The peptide bond is a modified amide bond.  There​fore, any hydrolysis that breaks the peptide bond will also break the amide bond; i.e., all Gln and Asn will be converted to Glu and Asp, respectively.  As such, “Glu” and “Asp” from the amino acid analyzer should be properly reported as “Glx” and “Asx”, respectively.  There is no way of determining the number of Gln and Asn except from the amino acid, or nucleotide, sequence.   However, total amides (Gln+Asn) can be determined using the Conway microdiffusion method.  Knowing total amides is useful for several reasons, such as for the calculation of the net charge on a protein.


Conway microdiffusion uses a vessel with a center well and an air-tight seal.  The protein is placed in the outer ring and subjected to mild hydrolysis: e.g., lower acid concentrations, lower temperatures, etc.  This is adequate to release the amides, because the amide bond is weaker than the peptide bond.  The milder conditions also prevent any amino acid degradation; so the ammonia produced is solely a result of the amide hydrolysis (Fig. 1-11).
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Fig. 1-11.  Conway Microdiffusion Procedure.  The protein is subjected to mild acid hydrolysis to liberate the amide as ammonium ions and base is added to convert ammonium ions to volatile ammonia, which diffuses to the center well containing acid.

Because of the acid, the product is trapped as ammonium ions.  When the hydrolysis is complete, base is added to the outer ring, ammonium ions are converted to volatile ammonia, and diffuse to the center well, where the acid traps it once again as ammonium ions.  The contents of the center well are then removed and the ammonia determined by an amino acid analyzer.  The ammonia peak from a standard hydrolysis cannot be used because it also includes those amino acids which were destroyed in the hydrolysis (e.g., tryptophans and cysteines).

Glx (Glu+Gln) + Asx (Asp+Asn) – amides (Gln+Asn) = total negative charge

 └from amino acid analyzer┘       from Conway
       (Glu+Asp)

   microdiffusion

Subtraction of the number of lysines and arginines from this number will yield the net charge on the protein.


3.  Protein Cleavage: The reactions of the Edman degradation are incom​plete, which leads to falling recoveries.  Under optimal conditions, only the first 50-70 amino acids can be sequenced.  Proteins longer than that must be cleaved, the fragments isolated, each fragment sequenced separately, and the sequences aligned.


There are two ways to cleave proteins: enzymatic and chemical.  Prote​ases are specific and reproducible, but proteases are generally designed to completely destroy the protein.  As such, they target common amino acids and generate many, small peptides, which can be incomvenient to separate and se​quence.  However, methods have been developed to “fool” proteases.  For exam​ple, trypsin cleaves on the carboxy side of positive charges: i.e., lysines and arginines.  But derivatization of lysine with succinic anhydride will remove the positive charge, resulting in cleavage at only arginines.  Con​versely, if there are too few basic residues, one can modify cysteines with ethylenimine or aspartic acid with 1,2-diaminoethane to create a positively charged side-chain that mimicks lysine.


To complement the enzymatic method which produces many small fragments, chemical cleavage techniques have been developed to cleave at uncommon amino acids which generate fewer, larger peptides.  Examples include cyanogen bromide which cleaves at methionine; there are approximately two methio​nines/100 residues in an average protein compared with 11 lysines and argi​nines.  Another reagent is o-iodosobenzoic acid which cleaves at tryptophan.  The abundance of tryptophan in proteins is about the same as methionine.


4.  Determination of the Carboxy-terminal Sequence: The separation of the liberated amino acid from the remaining peptide in the Edman degradation depends upon the extraction of the hydrophobic amino acid derivative from the larger, hydrophilic peptide, which precipitates in the extraction solvent.  However, as the peptide gets smaller, its solubility increases and losses become significant.  So much so, that it is often difficult to sequence all the way to the carboxy terminus.  Therefore, it would be useful to be able to sequence peptides from the carboxy terminus.  There are two such techniques: one enzymatic and one chemical.


The enzymatic method uses a timed hydrolysis with carboxypeptidases.  The reaction conditions are adjusted so as to slow the release of the amino acids enough for them to be individually identified.  Basically, at preset time intervals, aliquots are taken from the reaction mixture, the protein precipitated, and the supernatant applied to an amino acid analyzer (Fig. 1-12).
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Fig. 1-12.  Amino Acid Profile from a Timed Carboxypeptidase Digestion.  Individual curved lines represent separate amino acids as they are liberated from the protein by carboxypeptidase.

Nonetheless, the digestion is nonstop and begins releasing the next amino acid before the previous one has been fully liberated.  After only a couple of amino acids, the overlap is so great that an unambiguous identification of the next amino acid becomes impossible.


There are some tricks that may help the sequencer extend the length of the analysis.  First, there are three carboxypeptidases based on substrate specificity: carboxypeptidase A will remove all amino acids except lysine, arginine and proline; carboxypeptidase B will remove the basic residues; and carboxypeptidase C will remove proline.  One begins with carboxypeptidase A because it has the broadest specificity.  If the sequencer is lucky, there will be a basic amino acid or proline near the carboxy terminus.  The digestion will stop abruptly at this residue and all the peptides will once again line up.  Then carboxypeptidase B or C is added to extend the sequence.  Occasionally, one can create one’s own luck.  The author was once sequencing a protein from a family whose other members had been sequenced and were known to have a small disulfide loop near the carboxy terminus.  He reduced and aminoethylated the cysteines, thereby converting the cysteines into lysine analogs which blocked the carboxypeptidase A after a few residues had been removed.  Carboxypeptidase B was then added and the reaction resumed.


The chemical method is some variation of the Schlack-Kumpf degradation.  It is similar the the Edman degradation except that the derivative is constructed in a stepwise fashion (Fig. 1-13).  It is used less frequently than the Edman degradation because of several disadvantages.  First, its reactions are less complete, although recent variations using triphenyl​germanyl isothio​cyanate have lessened this drawback.  Second, the thiohydan​toin derivatives are polar, making extraction more difficult.  Third, because it is used so infrequently, thiohydantoin standards and separating matrices are not commercially available.  Finally, coupling to proline is difficult, although in the Edman degradation, it is the cleavage at prolines that is difficult.  Nonetheless, there are some advantages over the Edman degradation: the reactions and conditions are simpler and the thiohydantoin derivative is stable, so that a conversion step not required.
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Fig. 1-13.  The Schlack-Kumpf Degradation for the Determination of the Carboxy Terminal Sequence of a Protein.


5.  Determination of Protein Conformation


a.  Caveat: X-ray crystallography has always been considered the gold standard, but it may not always give the native conformation.  First, the position of amino acids may be altered during the crystallization process to improve packing.  For example, many transcription factors bend DNA upon binding it.  However, reconstructions from X-ray crystallography almost always show a straight polynucleotide chain, since that conformation is the easiest to pack.  Similarly, IDRs may be forced into a regular structure for the same reason.  Second, smaller peptides may not have enough intramolecular bonds to favor a single conformation.  For example, several groups reported different three-dimensional structures for the opiate peptides.  It turns out that different crystallization conditions generated different three-dimensional structures for these pentapeptides.  This can also occur with larger proteins having multiple structures.  Originally, it was thought that each protein had a single function; it is now known that many proteins have multiple functions, a phenomenon known as moonlighting.  These alternate functions may be associated with distinct structures; and the crystallization process may favor one structure over the other.  In this case, the observed structure may not support the function of interest and certainly belies the structural versatility of the protein being analyzed.

b.  Recent Improvements: A major problem with X-ray crystallography is the inability to focus X rays.  In serial femtosecond crystallography, an electron beam is accelerated to near the speed of light and passed through a magnetic undulator, which bunches the electrons to create wave lengths that approach those for X rays.  This technique combines the resolving power of X rays with the focusability of an electron beam.


Nuclear magnetic resonance has the advantage of determining the native conformation of a protein in solution but the technique has size limitations.  However, greater magnetic strength and higher isotopic labeling has increased the size that can be analyzed from 20-30 kdal to several 100 kdal.

Synthetic Condensates:


	Phase separation can be very useful as an investigative or thera�peutic tool.  Basically, a scaffold is constructed by fusing an IDR from one protein to a ligand binding module from another.  The former forms a membraneless organelle that can be used to control the availability of the ligand.  There are several ways to regulate this association.  First, the ligand binding may require a third molecule that can be used to trigger sequestration, and inactivation, of the ligand.  Conversely, the ligand may be attached via labile bonds: e.g., via a photocleavable bond or a temperature sensitive coiled coil that unravels as the temperature is raised from 25 C to 37 C.
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