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1. Do not open this booklet until the "Start" signal is given.
2. This is the examination concerning the subject that you have registered.

3. Write your name and examinee's number on the answer sheet absolutely.
4. This booklet consists of 1 page of question sheet and 2 pages of answer
sheet except a cover sheet. If you find any missing, misprinted, or unclear

pages, please raise your hand and notify the exam proctor.

5. Answer in English or Japanese.
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PURPOSE
This exam evaluates the knowledge of the applicant about general as well as specific
concepts of protein science that are useful for advanced research within the field of

protein drug discovery in Pharmaceutical Sciences.

1. Energetics of intermolecular interactions: Describe van der Waals interactions,
ionic (electrostatic) interactions, and hydrogen bonds. What is the role of water
molecules in the formation of hydrogen bonds and in electrostatic interactions

in proteins?

Intermolecular interactions in Protein Science are dominated by non-covalent
interactions of which there are several classes, and prominent among them van der
Waals interactions, ionic (electrostatic) interactions, and hydrogen bonds.

Van der Waals: interaction: When two neutral atoms (that is, atoms with no net
electrical charge) approach each other closely, they attract each other. This attraction
is due to an induced dipole effect generated by transient fluctuations in the electron
clouds of each atom. For the atoms commonly found in biological molecules, van der
Waals attractions are optimal at distances between 3 and 4 A. They are of negligible
strength beyond 5 A. Despite the attraction that brings atoms together, electron
repulsion prevents atoms from getting much closer to each other than ~3 A. The van
der Waals attraction between atoms is very weak, but accumulation over many atoms

make them significant.

lonic (electrostatic) interactions: Two opposite charges attract each other more strongly
as they come closer. But, just as for the van der Waals interaction, when the atoms get
very close, the energy starts to go up steeply because of electronic repulsions. The
stabilization energy is much greater, and the attractive force makes the optimal



distance smaller for an ion pair than for a van der Waals interaction.

Hydrogen bonds: If two atoms that are covalently bonded have different
electronegativities, then the bond will be polarized, with the more electronegative atom
being the one with the partial negative charge. When a hydrogen is covalently bonded
to a more electronegative atom (for example, nitrogen or oxygen), then the bond is
polarized and the hydrogen has a partial positive charge. If the hydrogen is close to an
electronegative atom (for example, oxygen or nitrogen) covalently bonded to a less
electronegative one (for example, carbon), then a favorable dipole—dipole interaction
can result, which is called the hydrogen bond. The atom bearing the hydrogen is called
the hydrogen-bond donor and the atom that interacts closely with the hydrogen is
called the hydrogen-bond acceptor.

Role of water: In both, electrostatic and H-bonds, water molecules from the solvent
may have a significant impact in the strength of the interaction. For example,
electrostatic effects are strongly modulated by the shielding provided by the medium
in which the charged groups are dissolved. Water can weaken electrostatic interactions,
reducing both their strength and the distance over which they operate.

Just as for ion pairs, the presence of water weakens the strength of hydrogen bonds.
In addition to electrostatic shielding, which weakens the Coulomb interaction energy
between charges, an additional attenuation arises because water is a very polar
molecule that forms strong hydrogen bonds with itself and with other polar molecules.
When a polar group in a biological molecule forms hydrogen bonds with another polar
group, it gives up hydrogen bonds with water (Figure 1.13). This leads to a reduction
in the effective strength of the hydrogen bond, which is the difference in energy
between the actual hydrogen bond and the hydrogen bonds that these groups form

with water.

2. Explain the relationship between affinity, dissociation constant, and free energy
(Gibbs energy). Describe a typical experiment to detect drug-protein
interactions (binding) by Isothermal Titration Calorimetry (ITC). How many



thermodynamic parameters can be obtained in a single experiment? How are
these parameters obtained?

The basic equation is the following:

AG = RT InKp

The value of AG is a measure of the affinity of the interaction, that is, how strongly the
molecules bind to each other. It is common practice to characterize the affinity of a
binding interaction in terms of the equilibrium constant for the dissociation reaction, Kp.
The other two parameters R and T in the equation correspond to so-calles gas-
constant and temperature, respectively. Although the dissociation constant is a
dimensionless number, it is usually discussed as if it has molar units of concentration.
Kb is equal in magnitude to the concentration of free ligand at which half the protein
molecules are bound to ligand (and half are unliganded) at equilibrium.

Isothermal titration calorimetry is particularly useful for the analysis of the
thermodynamics of binding interactions because it provides a way to obtain the
dissociation constant, Kp (and free energy), the standard enthalpy and entropy
changes upon binding, and the stoichiometry. Titration calorimetry relies on direct
measurement of the heat released upon binding of a ligand (for example a drug) to a
receptor (for example a protein). The measurement of heat released is carried out at a
constant temperature while adding the ligand to the protein drop by drop. The value of
the dissociation constant (Kp) is obtained indirectly, by analyzing the manner in which
the amount of heat released during the titration of ligand into the protein changes with
ligand concentration. The enthalpy is directly obtained from the calorimetric
measurement, since the property detected by the instrument is heat. And the entropy
is obtained from the equation that correlates free energy (AG or Kp) with enthalpy and
entropy. The stoichiometry is obtained from the molar ratio ligand/protein at midpoint
saturation.

3. Describe the physicochemical and structural nature of protein-protein interfaces.
In addition, explain what a hot-spot residue is, and how is it detected?



- There are two major classes of protein—protein interactions. In one class of
interactions, the surfaces of two folded protein domains make extensive contact with
each other. The second class of interactions are mediated by specialized peptide
recognition domains. Herein we will focus primarily on the first type.

- Protein-protein interactions exhibit a wide range of dissociation constants, ranging
from micromolar at the weaker end to nanomolar or even picomolar at the higher end.
- Protein—protein interfaces usually have a small hydrophobic core. There is an
increased likelihood of finding aromatic and hydrophobic sidechains at interfaces. A
typical protein—protein interface has a small core of hydrophobic sidechains
surrounded by several polar residues.

- A typical protein—protein interface buries at least about 600 A2 of surface area on
each protein. Although this number is generally much greater, it seems that the
minimum buried area indicated above indicates the minimum contact leading to stable
interaction.

- Water molecules form hydrogen-bonded networks at protein—protein interfaces. A
number of ordered water molecules (interfacial waters) help to improve the packing at
the protein-protein interface, and increase the specificity of the complex.

- Residues that do not contribute to binding affinity may be important for specificity,
suggesting that many protein-protein interfaces may be engineering to increase their
affinity by up to several hundred-fold.

- The desolvation of polar groups at interfaces makes a large contribution to the free
energy of binding. The favorable interactions at a protein—protein interface may be
insufficient to overcome the energetic penalty of desolvating charged and polar groups.
Thus, although hydrogen bond and ionic interactions at an interface may appear
favorable, the cost of desolvating polar groups can disfavor the formation of protein—
protein interfaces.

- The protein-protein interface contains hot spots of binding affinity, which dominate the
interaction. If the binding free energy of the complex were distributed evenly among all
of the residues at the interface, we would expect to see a small reduction in the binding
free energy resulting from mutation to Alanine. In reality, however, the mutation of
certain residues to alanine reduces the binding energy substantially, by more than 2
kcal'mol~', whereas mutating most of the residues at the interface individually to



alanine does not cause a significant change in binding free-energy. The residues that
have a disproportionate effect on the affinity are termed “hot spots”. As explained

immediately above, mutation to Alanine reveals which residues are hot spots.

4. Describe the general process of protein folding for a globular protein. What are
the main differences with respect to the folding of a membrane protein?

The folding of water-soluble proteins is driven by the hydrophobic effect. The unfolded
polypeptide chain collapses and becomes compact so as to exclude hydrophobic
sidechains from water, creating a hydrophobic core. The formation of secondary
structural elements (a helices and B sheets) helps give the protein a defined three-
dimensional shape. All of this can occur spontaneously, with the final structure
determined by the amino acid sequence of the protein. According to the
thermodynamic hypothesis, the native structures of proteins correspond to
conformations that are at a minimum in the free energy for the protein chain in water,
even for very complicated protein folds. For many proteins, especially small ones,
unfolding and folding are reversible. Also, the folding of some proteins involves the
formation of transiently stable intermediates. One of the most recent proposals
indicates that the process of protein folding can be described as funneled movement
on a multidimensional free-energy landscape. For larger proteins specialized folding
machines (chaperons) may be necessary, facilitating the overall folding process.

Some of the key differences between the folding of a water-soluble globular protein
and that of a membrane protein are:

- The Folding Environment: The most fundamental difference lies in the environment
where folding occurs. Water-soluble globular proteins fold in the aqueous (water-
based) cytoplasm of the cell. In contrast, membrane proteins fold within the confines
of the hydrophobic (water-fearing) lipid bilayer, dictating all other aspects of their
folding processes.

- Driving Force: For globular proteins, the primary driver is the hydrophobic effect. For
membrane proteins, the main driving force is the need to place their hydrophobic



residues on the protein's exterior so they can favorably interact with the bilayer.

- Amino Acid Distribution: Globular proteins are characterized by a hydrophobic core
and a hydrophilic surface, whereas membrane proteins have a hydrophobic exterior
and a hydrophilic interior (often lining a channel for transporting substances).

- Energetics and Stability: For globular proteins, stability is a fine balance between the
large favorable energy gain from burying hydrophobic residues (the hydrophobic
effect) and the entropic cost of ordering the polypeptide chain. For membrane proteins,
a significant portion of their stability comes from the favorable free energy of
transferring their hydrophobic segments from the aqueous environment into the lipid

bilayer.
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The following scheme is an excerpt of the total synthesis process of norzoanthamine
reported in JACS 2024. Answer each question.

1. A2 & 3 OkE e Z DA MBERZ ilRE R IR Y TEHICE AR I v,
Describe the structures of product 2 and 3, and explain the reaction mechanism in
as much detail as possible.

0]
o |
OB
0
OH
Pd(PPh3)4 Pd(dppf)Cl2
| Et;N 2 Cs,CO5 3
dioxane dioxane ]
120 °C H,0, 22 °C 86% in 2 steps

BHT (2 eq)
Hg lamp | toluene
g lamp 0°C

5(3‘1%

2. ALEW3 R4 LSBEL B A=A L%, plEEECTHIAL R X
Vo GERIRPER RGNS 5 T R,

Explain the mechanism by which compound 3 produces products 4 and 5, using p-
orbital diagrams. There is no need to discuss selectivity.

(RD~=—T~fe <)
(Continue to the next page)
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Compounds 7 and 8 are produced stereoselectively. Indicate the stereochemistry of
the major product. Also, explain the reaction mechanisms leading to the formation of
compound 7 and 8.

Oxone BF3-OEt,
CF,COMe CH,Cl,, 0 °C
—  aeg e 5

NaHCO, then
Na,ETDA
MeCN, 0 °C d b
P
10 eq.

4. A1 0L 1 1 OHEEBIOE DAL E X 7230,
Describe the structures of products 10 and 11, and explain the reaction mechanism
leading to their formation.

K,CO4
(excess)

10 e 11

MeCN
105 °C
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