Study Questions

1. You purify an enzyme and would like to determine whether it is composed of a single polypeptide chain or multiple chains held together by secondary, weaker bonds. How might you go about distinguishing between these possibilities?

Because secondary bonds are significantly weaker than covalent bonds, you could distinguish between these possibilities by assessing the overall stability of the protein or protein complex.  Heating the enzyme, for example, would likely be sufficient to separate distinct polypeptide chains, but would not be enough to break apart a single chain.

2. List three geometric features distinguishing atoms connected by a covalent bond versus those connected by a weak bond. How might these differences come into play when two macromolecules interact?

Because covalent bonds are stronger, the length of the bonds is much shorter than it is with weak bonds.  Also, covalent bonds are more constrained than weak bonds in several respects.  For example, covalent bonds involving a double or triple bond have no freedom of rotation, in contrast with weak bonds, which are not limited by their relative orientation.  In addition, the angle between any two covalent bonds is fixed, in contrast to the angle between any two weak bonds.  Finally, a given atom can only bond with a very small number of other atoms (determined by its valence), whereas a weak bond has more flexibility in this regard.

Because secondary bonds are generally too weak to support a stable interaction between molecules by themselves, stability must come from a collection of multiple weak bonds acting together.  The flexibility of weak bonds can help in this regard, because it facilitates the formation of these multiple weak interactions.  For example, when two proteins bind to each other, numerous secondary bonds are formed between the exposed molecular groups of each of the proteins.  If each of these bonds were subject to the same rigid constraints of covalent bonds, the number of possible weak interactions would be limited, and the demands placed on the precise structure of each protein would be that much greater.

3. Describe how strong and weak bonds are involved in the process of DNA replication, addressing the role of at least two examples of each type of bond.

Beyond the obvious importance of strong (covalent) bonds in maintaining the primary structure of polymerase, other enzymes involved in DNA replication, and the DNA strands themselves, strong bonds are also important for providing the energy required for replication.  For example, the hydrolysis of ATP provides the energy needed for replication to proceed.  Weak bonds also play a critical role in replication.  For example, the hydrogen bonds formed between base pairs help ensure the accurate incorporation of nucleotides into the growing polynucleotide chain.  Also, the multiple interactions between the various proteins involved in replication, as well as between the proteins and the DNA, all depend on weak bonds and are essential parts of the replication process. 

4. Which is more likely to involve the most significant loss of free energy: the hybridization of two 100 base pair stretches of single-stranded DNA to form a double helix, an enzyme binding to its substrate, or an antibody binding to an antigen? Explain your answer.

The hybridization of the two strands of DNA would involve the greatest loss of free energy.  Enzyme-substrate interactions involve many fewer weak bonds, which makes sense because this interaction is transitory by nature.  Antibody-antigen interactions are typically more extensive, and thus stronger, but still involve only a handful of specific interactions.  Hybridization of two DNA molecules yields the most free energy, as energy is provided by at least two hydrogen bonds formed per base pair as well as by the stacking interactions between adjacent bases.

5.
What happens to the level of free energy during a spontaneous reaction? When free energy is lost during a reaction, what becomes of the energy? What occurs when a collection of atoms reaches its lowest energy state?
During a spontaneous reaction, the level of free energy drops.  The free energy can be lost as heat or as an increase in entropy.  When a collection of atoms reaches its lowest state, it is in a state of equilibrium.  

6.
Describe and compare the three main types of weak chemical bonds that exist in biological systems.
Van der Waals forces are produced from random fluctuations in the distribution of electrons within molecules.  Because of these fluctuations, individual atoms experience temporary partial charges, and these partial charges can induce an opposite charge in neighboring atoms.  These opposite charges then cause the atoms to be somewhat attracted to each other.  Van der Waals attractions are very weak, typically about 1 kcal/mol, which is just slightly greater than the average thermal energy of molecules at room temperature.  Van der Waals forces usually involve nonpolar atoms and can only work over a very small range of distances, as the atoms strongly repel each other if too close and the van der Waals attractions rapidly fall to insignificant levels with increasing distance.  

Hydrogen bonds involve an interaction between a hydrogen with a partial positive charge and a nearby, negatively-charged atom.  Such bonds typically arise where a hydrogen is covalently bound to a strongly electronegative atom, such as oxygen or nitrogen, and thus acquires a partial positive charge.  Such partially charged hydrogens can then interact with neighboring groups with a negative charge, such as an oxygen or nitrogen that is covalently bound to—and which has obtained a partial negative charge from—a less electronegative atom such as hydrogen or carbon.  Hydrogen bonds are stronger than van der Waals forces, on the order of 3 to 7 kcal/mol.  

Ionic bonds can form between any two adjacent atoms having opposite charges of at least one unit.  Sometimes, such bonds can involve hydrogen bonds, such as an interaction between a negatively charged oxygen within a COO- group and a positively-charged hydrogen within an NH3+ group.  Ionic bonds are relatively strong, with energies of about 5 kcal/mol. 
7.
Describe the importance of distance to van der Waals interactions. How does this constrain the shape of molecules that rely on such interactions for specific binding to other molecules?
Van der Waals interactions can only occur over a very narrow distance range.  The forces are relatively weak to begin with and are inversely proportional to the sixth power of distance, so they rapidly become insignificant as the atoms move apart.  Also, if the atoms are too close, strong repressive forces drive them apart, placing a strong limit on their spatial relationship in this sense as well.  

Because a single van der Waals interaction can only contribute a relatively small amount of energy, molecules relying on such interactions for their binding must use a number of them (and other weak bonds) to achieve a sufficient binding strength.  The fact that such interactions can only occur over a relatively limited distance range, then, requires that any two interacting molecules must have complementary surfaces so that the two molecules can fit together in a way that allows multiple van der Waals interactions to take place with appropriate spacing.

8.
Describe the energetic forces underlying hydrophobic bonds. Describe the contribution of each of these forces when two proteins specifically bind to each other in an aqueous solution.
Hydrophobic bonds obtain energy from van der Waals interactions and from the exclusion of water from the site of interaction.  

Van der Waals bonds result from the fluctuating energy distribution within neighboring (usually nonpolar) atoms, which creates a weak attractive force between them over a narrow distance.  Van der Waals forces contribute a small amount of energy to hydrophobic bonds, about 1 kcal/mol.

Hydrophobic bonds are often much stronger than what would be predicted by the energetic contribution of van der Waals forces alone.  The difference can be explained by entropic effects associated with the exclusion of water from the site of hydrophobic interaction.  Specifically, when a nonpolar group is present in an aqueous solution, it disrupts the water matrix, which is very energetically costly.  By having nonpolar groups interact only with each other rather than with water, these costly interactions are avoided, greatly contributing to the favorable energetics of the hydrophobic bond.
9.
How much energy is associated with each of the following: 
(a) covalent bond
(b) hydrogen bond
(c) ionic bond
(d) van der Waals bond
(e) average thermal energy of molecules at room temperature


a.
50 to 100 kcal/mol

b.
3 to 7 kcal/mol

c.
3 to 7 kcal/mol

d.
1 to 2 kcal/mol

e.
0.6 kcal/mol

10.
Compare the energy level of weak bonds and the average thermal energy of molecules at room temperature. What does this imply for the stability of weak bonds in a cell?
The energy of weak bonds is higher than that of the average thermal energy of molecules, but not by very much.  This means that the random collisions of molecules in solution will often be sufficient to break weak bonds.  As a result, molecular interactions depending on weak bonds for their stability must rely on a relatively large number of these bonds, which, together, provide enough energy to withstand the structural threat provided by these random collisions.

11.
Describe the configuration of H2O in its liquid state, pointing out the condition of hydrogen bonding to the interactions between the molecules. What properties of water allow it to interact with itself in such a regular way? 
In its liquid state, water forms a lattice, with each molecule surrounded by four nearest neighbors.  Because water is polar, each oxygen atom has a net negative charge, and each hydrogen has a net positive charge.  This allows each oxygen to form a hydrogen bond with two nearby hydrogens and each hydrogen to interact with a single neighboring oxygen.  Water is able to do this because it is symmetrical, small, and has a simple dipole spanning the entire molecule. 

12.
Explain how water promotes the formation of secondary bonds among molecules in aqueous solutions.
Water plays a key role in promoting secondary bonds because of its strong tendency to form hydrogen bonds with itself.  This makes any disruption of the lattice formed between water molecules energetically costly.  While this is not necessarily so significant for polar regions of a molecule, as these polar regions can themselves form hydrogen bonds with the water molecules (and thereby recover some of the energy lost by the disruption of the water matrix), it is quite costly for nonpolar groups.  Nonpolar parts of the molecule cannot form secondary bonds with water, and so the energy lost by the disruption of the water matrix cannot be recovered.  On the other hand, nonpolar groups can form secondary bonds with other nonpolar molecules, which drives the nonpolar regions of molecules (such as internal regions of a protein) to interact with each other by forming secondary bonds (van der Waals interactions).  

Water also promotes the formation of weak bonds because of the fluidity of aqueous solutions.  This fluidity, and the heat that constantly alters the relative configurations of molecules in the solution, allows molecules to test their interactions with a large number of other molecules, ultimately finding the energetically most favorable configuration involving the ideal combination of weak bonds.

13.
Why is it advantageous for the cell to use macromolecules whose shapes are determined by a collection of weak chemical bonds rather than solely by strong chemical bonds?
Weak bonds are a good choice for maintaining macromolecular structure because they are strong enough to ensure the stability of molecules at physiological temperatures, yet not so strong that they prevent any movement or flexibility within the molecules.  This is important, because movement and flexibility within macromolecules can be critical for their function and their regulation.  For example, many proteins are subject to allosteric regulation, where a chemical modification or binding event changes the overall shape of the protein, thereby altering its activity.  Also, consider the dynamics of DNA within the cell: neither DNA replication nor transcription could occur without locally unwinding the double helix, and this depends entirely on the presence of breakable hydrogen bonds between the strands.  If all of the bonds holding macromolecules together in a cell were covalent, then the molecules would be inert, fixed entities, incapable of carrying out the many dynamic functions of the cell.
14. How can pH changes affect protein structure?

