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I.  Thermodynamics 

  Systems and their surroundings 

1.1 What are open, closed or isolated systems? (1) a protein in solution in a sealed test tube, (2) 

the lungs, (3) a bird, (4) a lake, (5) a biochemical reaction in a reaction tube, (6) coffee in a thermos 

flask, (7) the sample chamber of a differential scanning calorimeter, (8) the sample chamber of an 

isothermal titration calorimeter, (9) a cuvette in a photometer (no lid). 

Answer: 

(1), (5), and (7) are closed systems: no matter is exchanged with the surroundings, but heat exchange 

is possible. 

(2) – (4), (8), and (9) are open systems: matter is exchanged with the surroundings. 

(6) is an isolated system that does not exchange matter or energy with the surroundings. 

1.2 What is the sign of the transferred energy from the perspective of the system and the 

surroundings for 

(1) a swimmer in a pool with cold water? 

(2) a heated house? 

(3) a coffee cup? 

(4) an ice cold drink in a warm bar? 

(5) a cold hand shaking a warm hand? 

Answer: 

(1) The swimmer (system) transfers heat to the pool (surroundings). Swimmer: < 0, pool: > 0 

(2) The house (system) transfers heat to the atmosphere (surroundings). House: < 0, atmosphere: > 0 

(3) The coffee (system) transfers heat to the atmosphere (surroundings). Coffee: < 0, atmosphere: > 0 

(4) Heat is transferred from the bar (surroundings) to the drink (system). Drink: > 0, bar: < 0 
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(5) Heat is transferred from the warm hand (system/surroundings) to the cold hand 

(surroundings/system). Cold hand: > 0, warm hand: < 0 

1.3 Is the earth an isolated, closed, or open system? 

Answer: The earth is an open system because energy and matter can be exchanged between earth 

and space. 
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  State functions and the laws of thermodynamics 

2.1 A triathlete performs 1000 kJ of work and loses 400 kJ of heat while swimming in cold water. 

How does the internal energy of the triathlete change? How much does the pool (50 m length, 20 m 

width, 2 m depth) warm up? Cp (H2O) = 4.18 kJ kg–1 K–1, ρ (H2O) = 1 g cm–3. 

Answer: The work performed by the triathlete (system) on the surroundings is δw = –1000 kJ. The 

heat transferred from the triathlete (system) to the surroundings (water) is δq = –400 kJ. The overall 

change in internal energy is ΔU = δw + δq = –1400 kJ. 

The pool volume is V = 50∙20∙2 m3 = 2000 m3 = 2∙109 cm3. This volume corresponds to a water mass 

of mwater = 2∙106 kg. The transfer of 1400 kJ leads to a temperature change ΔT of 

∆𝑇𝑇 =
𝛿𝛿𝛿𝛿

𝐶𝐶𝑝𝑝𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
=

400 𝑘𝑘𝑘𝑘 ∙ 𝑘𝑘𝑘𝑘 ∙ 𝐾𝐾
4.18 𝑘𝑘𝑘𝑘 ∙  2 ∙ 106𝑘𝑘𝑘𝑘

= 4.8 ∙ 10−5 K 

2.2 Isothermal expansion of an ideal gas does not change its internal energy. What is the 

associated change in enthalpy? 

Answer: The enthalpy is defined as H = U + pV. U is constant. pV is also constant (Boyle-Mariotte 

law), and the enthalpy does not change: H = const. 

2.3 During normal breathing, humans exchange about 0.5 L of air in their lungs. Calculate the 

amount of worked that is performed during one exhalation against atmospheric pressure. How many 

grams of ATP need to be hydrolyzed for breathing during a day (30 breathing cycles per minute, ΔG0’ 

(ATP hydrolysis) = –31 kJ mol–1, M = 507.18 g mol–1). A 100 g bar of chocolate provides about 

500 kJ of energy. How long does the energy last just for breathing? 

Answer: The work per exhalation can be calculated as w = –pΔV = –1.013∙105 Pa∙0.5∙10–3 m3 = –50.65 

J. The number of exhalations per day is 30 min–1∙60∙24 min = 43200, which gives a total work for 

breathing per day of w = 43200∙(–50.65) J = –2188 kJ. To obtain 2188 kJ from ATP hydrolysis, 
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n = –2188 kJ/–31 kJ mol–1 = 70.6 mol have to be hydrolyzed. 70.6 mol correspond to a mass 

m = 507.18 g mol–1∙70.6 mol ≈ 35.8∙103 g = 35.8 kg ATP. 

The energy in a bar of chocolate supports 500 kJ/50.65 J = 9872 breathing cycles. 9872 breathing 

cycles correspond to 9872/30 min–1 ≈ 329 min = 5h 29 min. 

2.4 A diver grabs a bottle of compressed air. The pressure gauge states p = 200∙105 Pa (200 bar). 

Just after the descent into the dive, the pressure is reduced to 190∙105 Pa. Why? The diver has 

directly descended to 30 m depth. What are the pressure and the temperature of the surrounding 

water? Tair,surface = 30°C. 

Answer: The initial pressure decrease is too large to be caused by the few breaths the diver has 

taken. The temperature of the water is lower than the temperature at the surface, and the pressure 

decreases proportionally to the temperature (2nd law of Gay-Lussac). 

The pressure at 30 m is 1.013∙105 Pa from the air and 1.013∙105 Pa per 10 m of water column, which 

gives ptot = 4.052∙105 Pa. The water temperature can be calculated from the change in gas pressure 

according to the 2nd law of Gay-Lussac as 

𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤,30 𝑚𝑚 = 𝑇𝑇𝑤𝑤𝑎𝑎𝑤𝑤,𝑠𝑠𝑠𝑠𝑤𝑤𝑠𝑠𝑤𝑤𝑠𝑠𝑤𝑤 ∙
190 ∙ 105𝑃𝑃𝑃𝑃
200 ∙ 105𝑃𝑃𝑃𝑃

= 0.95 ∙ 𝑇𝑇𝑤𝑤𝑎𝑎𝑤𝑤,𝑠𝑠𝑠𝑠𝑤𝑤𝑠𝑠𝑤𝑤𝑠𝑠𝑤𝑤 = 288.0 𝐾𝐾 = 14.8°𝐶𝐶 

2.5 The diver breathes enriched air that contains 32% (m/mtot) oxygen and 68% (m/mtot) nitrogen 

(at p = p0 = 105 Pa and T = T0 = 25°C). A partial oxygen pressure of > 1.6 105 Pa is lethal for humans. Is 

it safe for the diver to dive down to the sea bed at 40 m? The diver starts with a 15 L tank of enriched 

air at p = p0. The air needed during descent and ascent can be neglected. How long can the diver stay 

at 45 m with his air supply for 0.5 L breathing volume and 30 breathing cycles min–1? 

Answer: 1000 g of air contain 320 g oxygen and 680 g nitrogen. From the molar masses 

M(O2) = 32 g mol–1 and M(N2) = 28 g mol–1, we obtain the amount of oxygen and nitrogen as 

n(O2) = 320 g/32 g mol–1 = 10∙mol, and n(N2) = 680 g/28 g mol–1 = 24.3 mol. The mole fractions are 

x(O2) = n(O2)/ntot = 0.29 and x(N2) = 0.71. 
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From Raoult’s law, the partial pressures can be calculated as p(O2) = x(O2)∙p = 0.29∙105 Pa and 

p(N2) = 0.71∙105 Pa under standard conditions. p(O2) exceeds 1.6 105 Pa at a pressure of 

p = plethal(O2)/x(O2) = 1.6 105 Pa/0.29 = 5.5 105 Pa, which corresponds to environmental pressure 

below 40 m. Hence, it is safe for the diver to descend to the sea bed. 

The 15 L of gas at 200∙105 Pa correspond to 592 L at 5.065∙105 Pa, the environmental pressure at 

40 m depth. 592 L are sufficient for 1184 breathing cycles, or 39.5 min. 

2.6 On a winter day (T = –10°C) you adjust the pressure of your car tires to 1.8∙105 Pa. What is 

the pressure in summer (T = 30°C)? 

Answer: We assume the volume of the tires as constant. The final pressure is 

𝑝𝑝𝑠𝑠𝑎𝑎𝑓𝑓𝑤𝑤𝑓𝑓 = 𝑝𝑝𝑎𝑎𝑓𝑓𝑎𝑎𝑤𝑤𝑎𝑎𝑤𝑤𝑓𝑓 ∙
𝑇𝑇𝑠𝑠𝑎𝑎𝑓𝑓𝑤𝑤𝑓𝑓
𝑇𝑇𝑎𝑎𝑓𝑓𝑎𝑎𝑤𝑤𝑎𝑎𝑤𝑤𝑓𝑓

= 1.8 ∙ 105 𝑃𝑃𝑃𝑃 ∙
303.15 𝐾𝐾
263.15 𝐾𝐾

= 2.1 ∙ 105 𝑃𝑃𝑃𝑃 

2.7 The enthalpy change for the reaction of glucose (C6H12O6) to CO2 and H2O is –2800 kJ mol–1, 

for the reaction of ethanol to water it is –1370 kJ mol–1. What is the enthalpy change during 

fermentation of glucose to ethanol? Is fermentation a useful metabolic pathway? 

Answer: The reaction schemes are 

(1) C6H12O6 + 6 O2 → 6 H2O + 6 CO2 ΔH0
1 = –2800 kJ mol–1 

(2) C2H5OH + 3 O2 → 3 H2O + 2 CO2 ΔH0
2 = –1370 kJ mol–1 

(3) C6H12O6 → 2 C2H5OH + 2 CO2 

We can express the reaction scheme (3) as (1)–2∙(2) and calculate ΔH0
3 from the Hess law: 

ΔH0
3 = (ΔH0

1 – 2ΔH0
2 = –2800 kJ mol–1 – 2∙(–1370 kJ mol–1) = –60 kJ mol–1. Fermentation thus only 

provides the organism with a small fraction of the energy compared to the complete oxidation to CO2 

and H2O. 
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2.8 The heat capacity of water (Cp = 75 J mol–1 K–1) is much higher than the heat capacity of air 

(Cp = 20 J mol–1 K–1). Calculate the temperature change when 10 kJ of heat is transferred to 1 m3 of 

water or air. ρ(H2O) = 1 g cm–3; ρ(air) = 1.2 mg cm–3. 

Answer: 1 m3 = 106 cm3 water corresponds to 106 g water = 106 g/18 g mol–1 = 55.5∙103 mol. The 

mean molar mass of air is Mair = (0.21∙32 + 0.79∙28) g mol–1 = 28.84 g mol–1. 1 m3 = 106 cm3 of air 

corresponds to 1.2∙103 g air or 1.2∙103 g/28.84 g mol–1 = 41.6 mol. The temperature change of water 

is 

∆𝑇𝑇𝐻𝐻2𝑂𝑂 =
𝛿𝛿𝛿𝛿
𝐶𝐶𝑝𝑝

=
10 𝑘𝑘𝑘𝑘 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝐾𝐾

75 𝑘𝑘 ∙  55.5 ∙ 103 𝑚𝑚𝑚𝑚𝑚𝑚
= 2.4 ∙ 10−3 K 

For air, the temperature change is 

∆𝑇𝑇𝑤𝑤𝑎𝑎𝑤𝑤 =
𝛿𝛿𝛿𝛿
𝐶𝐶𝑝𝑝

=
10 𝑘𝑘𝑘𝑘 ∙ 𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝐾𝐾
20 𝑘𝑘 ∙  41.6 𝑚𝑚𝑚𝑚𝑚𝑚

= 12 K 

2.9 Calculate the change in entropy for the conversion of 1 mol ice (H2O(s), 0°C) into vapor 

(H2O(g), 100°C) at constant pressure. Sublimation enthalpy ΔHsubl = 47 kJ mol–1, vaporization enthalpy 

ΔHvap = 41 kJ mol–1, Cp = 75 J mol–1 K–1. 

Answer: The melting enthalpy can be calculated from the Hess law as ΔHmelt: ΔHmelt = ΔHsub –

 ΔHvap = 6 kJ mol–1. The entropy change during melting is ΔSmelt = ΔHmelt/T = 6 kJ mol–1/273.15 K = 

22.0 J mol–1 K–1. The entropy change during heating from 0°C to 100°C is dS = Cp/T∙dT. By integration, 

we obtain ΔSheat = Cp ln(373.15 K/273.15 K) = 23.4 kJ mol–1 K–1. The entropy change during 

evaporation is ΔSvap = ΔHvap/T = 41 kJ mol–1/373.15 K = 110 J mol–1 K–1. The sum of these entropy 

changes is ΔStot (1 mol) = 155 J mol–1 K–1. 

2.10 Calculate the entropy change when 200 kJ of heat are transferred to water at 0°C and 100°C 

(isothermal conditions). Explain the difference from the statistical interpretation of entropy. 

Answer: The entropy change at 0°C is ΔS (0°C) = 200 kJ/273.15 K = 732 J K–1, the entropy change at 

100°C is ΔS(100°C) = 200 kJ/373.15 K = 536 J K–1. At 373.15 K, the disorder of water is higher than at 
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273.15 K. Therefore, adding the same amount of heat produces less additional disorder at higher 

temperature. 

2.11 Our metabolism generates heat of about 100 J s–1. Calculate the change in entropy of the 

surrounding per hour at 25°C. 

Answer: 1 h corresponds to 3600 s. The transferred heat is q = 100 J s–1∙3600 s = 3.6∙105 J. The 

associated change in entropy is 

∆𝑆𝑆 =
𝛿𝛿
𝑇𝑇

=
3.6 ∙ 105 𝑘𝑘
298.15 𝐾𝐾

= 1.2 𝑘𝑘𝑘𝑘 𝐾𝐾−1 

2.12 0.1 mol of a reactant react to products in an isobaric reaction at 25°C and 105 Pa. During the 

reaction, 20 kJ of heat are transferred to the surroundings. Calculate ΔG0, ΔH0, and ΔS0 for this 

process. 

Answer: The heat released is q = 200 kJ mol–1 at standard pressure and temperature. ΔH is the heat 

exchanged at constant pressure. The heat is released from the system, and is therefore negative: 

∆𝐻𝐻 = ∆𝐻𝐻0 = −200 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 

ΔS is the exchanged heat (under reversible conditions) divided by the temperature: 

∆𝑆𝑆 = ∆𝑆𝑆0 =
−200 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1

298.15 𝐾𝐾
= −671 𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 𝐾𝐾−1 

From the Gibbs-Helmholtz equation, we obtain 

∆𝐺𝐺0 = ∆𝐻𝐻0 − 𝑇𝑇 ∙ ∆𝑆𝑆0 = 0 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 
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2.13 Calculate the reaction enthalpy, entropy, and free energy, ΔH0
r, ΔS0

r, and ΔG0
r, for the 

amidation of glutamate to glutamine (1) at standard temperature, (2) at 37°C, and (3) at 75°C (a) 

taking into account the temperature dependence of ΔH and ΔS, and (b) assuming that ΔH and ΔS are 

temperature-independent. What can you conclude about the importance of Cp? What does the result 

mean for organisms that live at moderate temperature (37°C; mesophilic organisms) and 

thermophilic organisms that live at 75°C? 

Glutamine: ΔH0
f = –826 kJ mol–1, Cp,m = 184 J mol–1 K–1, Sm = 195 J mol–1 K–1 

Glutamate: ΔH0
f = –1010 kJ mol–1, Cp,m = 175 J mol–1 K–1, Sm = 188 J mol–1 K–1 

H2O: ΔH0
f = –290 kJ mol–1, Cp,m = 75 J mol–1 K–1, Sm = 70 J mol–1 K–1 

NH4
+: ΔH0

f = –133 kJ mol–1, Cp,m = 80 J mol–1 K–1, Sm = 113 J mol–1 K–1 

Answer: The reaction scheme is 

glutamate + NH4
+ → glutamine + H2O 

Under standard conditions, we can calculate the reaction enthalpy, entropy, and free energy as well 

as the change in heat capacity as 

∆𝐻𝐻𝑤𝑤0 = �∆𝐻𝐻𝑠𝑠0(𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) −�∆𝐻𝐻𝑠𝑠0(𝑝𝑝𝑟𝑟𝑃𝑃𝑝𝑝𝑝𝑝𝑃𝑃𝑟𝑟𝑝𝑝𝑝𝑝) = +27 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 

∆𝑆𝑆𝑤𝑤0 = �∆𝑆𝑆𝑚𝑚(𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) −�∆𝑆𝑆𝑚𝑚(𝑝𝑝𝑟𝑟𝑃𝑃𝑝𝑝𝑝𝑝𝑃𝑃𝑟𝑟𝑝𝑝𝑝𝑝) = −36 𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 𝐾𝐾−1 

∆𝐶𝐶𝑝𝑝0 = �𝐶𝐶𝑝𝑝 (𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) −�𝐶𝐶𝑝𝑝 (𝑝𝑝𝑟𝑟𝑃𝑃𝑝𝑝𝑝𝑝𝑃𝑃𝑟𝑟𝑝𝑝𝑝𝑝) = −4 𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 𝐾𝐾−1 

∆𝐺𝐺𝑤𝑤0 = ∆𝐻𝐻𝑤𝑤0 − 𝑇𝑇∆𝑆𝑆𝑤𝑤0 = +37.7 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 

For temperature-dependent ΔH and ΔS, we use Kirchhoff’s law 

∆𝐻𝐻𝑅𝑅(𝑇𝑇) = ∆𝐻𝐻0 + ∆𝐶𝐶𝑝𝑝(𝑇𝑇 − 𝑇𝑇0) 

and obtain ΔHr (310.15 K) = 27.0 kJ mol–1, ΔHr (348.15 K) = 27.2 kJ mol–1. The temperature-dependent 

change in entropy is 

∆𝑆𝑆𝑅𝑅(𝑇𝑇) = ∆𝑆𝑆0 + ∆𝐶𝐶𝑝𝑝𝑚𝑚𝑟𝑟
𝑇𝑇
𝑇𝑇0
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which gives ΔSr (310.15 K) = –35.8 J mol–1 K–1, ΔSr (348.15 K) = –35.4 J mol–1 K–1. From the Gibbs-

Helmholtz equation, ΔGr = ΔHr – T∙ΔSr , we obtain ΔGr (310.15 K) = 38.2 kJ mol–1, ΔGr (348.15 K) = 

39.5 kJ mol–1. 

For temperature-independent ΔH and ΔS, ΔHr = ΔH0
r and ΔSr = ΔS0

r. The change in free energy is 

again calculated from the Gibbs-Helmholtz equation: ΔGr (310.15 K) = 38.2 kJ mol–1, and 

ΔGr (348.15 K) = 39.5 kJ mol–1. 

Changes in heat capacity during chemical reactions are often very small, and the temperature-

dependence of ΔH, ΔS, and ΔG is also small. Thermophilic organisms therefore do not necessarily 

face special energetic challenges. 

2.14 The energy of one photon is E = h∙ν = hc/λ. How many photons of light with λ = 680 nm have 

to be absorbed to synthesize an ATP molecule (degree of efficiency 100%)? In what wavelength 

range is one photon sufficient for the synthesis of two ATP molecules? ΔG0’ of ATP synthesis:  

–31 kJ mol–1. 

Answer: The energy of one photon is E = hc/λ = 6.626∙10–34 J s∙3∙108 m s–1/680∙10–9 m = 2.92∙10–19 J. 

The energy required for synthesis of one molecule of ATP is 31 kJ mol–1/NA = 1.93∙10–19 J. Absorption 

of one photon of 680 nm is sufficient for synthesis of one molecule of ATP. 

For the synthesis of two ATP molecules, 3.87∙10–19 J is required. E = hc/λ > 3.87∙10–19 J gives 

λ < 514 nm. 

2.15 Protein-protein interactions reduce the number of particles from two to one, which 

corresponds to a decrease in entropy. Why can the interaction nevertheless be entropically favorable 

and under what conditions? 

Answer: Water is excluded from the area that is covered upon complex formation. This release of 

water is associated with an increase in entropy that is often larger than the loss of entropy due to the 

association of the two proteins. The effect is larger for hydrophobic than for hydrophilic interfaces. 
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2.16 How much does an ionic interaction between two oppositely charged side chains contribute 

to protein stability at the surface and in the interior of the protein? 

Answer: In both cases, the two side chains are flexible and interact with water molecules in the 

unfolded state. In the folded state, the charged side chains in the hydrophobic interior of the protein 

are conformationally restricted. Further restriction of the side chains in a salt bridge only causes a 

small extra loss of entropy (slightly unfavorable). The water molecules bound to the side chains in the 

unfolded state are released upon folding, associated with an increase in entropy (favorable). The 

electrostatic interaction is associated with a decrease in enthalpy (favorable), but interactions with 

water are lost (slightly unfavorable). Overall, formation of the salt bridge in the interior is 

energetically favorable. The charged side chains that remain on the surface are not conformationally 

restricted, and formation of the salt bridge is entropically unfavorable. Furthermore, these side 

chains can still interact with water in the folded state, and the entropy increase and enthalpy 

decrease due to water release is small. As a consequence, the contribution of the salt bridge on the 

surface to protein stability is small. 

2.17 You mix 10 mL glycerol and 90 mL water to obtain a 10% glycerol solution. The density of the 

mixture is ρmix = 1.02567 g cm–3. What are the mole fraction of glycerol and the volume of the 

mixture? What is the reason for the volume change? What can you conclude for the necessity to take 

volume changes into account when stabilizing proteins by using 10% glycerol buffers? M(glycerol) = 

92.09 g mol–1, M(H2O) = 18 g mol–1, ρ(glycerol) = 1.25802 g cm–3, ρ(H2O) = 0.99708 g cm–3. 

Answer: 10 mL of glycerol correspond to 10 cm3. The mass is m = ρ(glycerol)∙V(glycerol) = 

92.09 g cm–3∙10 cm3 = 12.5802 g. 12.5802 g are n = 12.6 g/92.09 g mol–1 = 0.1366 mol. For water, the 

volume is V = 90 cm3, the mass is m = 89.7372 g, and the amount is n = 4.9854 mol. The mole fraction 

of glycerol is 

𝑥𝑥(𝑘𝑘𝑚𝑚𝑔𝑔𝑝𝑝𝑟𝑟𝑝𝑝𝑚𝑚𝑚𝑚) =
𝑟𝑟(𝑘𝑘𝑚𝑚𝑔𝑔𝑝𝑝𝑟𝑟𝑝𝑝𝑚𝑚𝑚𝑚)

𝑟𝑟(𝑘𝑘𝑚𝑚𝑔𝑔𝑝𝑝𝑟𝑟𝑝𝑝𝑚𝑚𝑚𝑚) + 𝑟𝑟(𝐻𝐻2𝑂𝑂) = 0.0267 
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The volume of the mixture is Vmix = mtot/ρmix = 102.3174 g/1.02567 g cm–3 = 99.76 cm3 = 99.76 mL. It is 

smaller because the partial molar volumes of water and glycerol are smaller than their molar 

volumes. However, the volume reduction is 0.24/100 = 0.24%, and can be neglected. 

2.18 Calculate the difference between µ0 and µ0’ for protons in aqueous solutions. 

Answer: The chemical potential is a state function. Its value must therefore be independent of the 

reference state. With the reference state 1 M (solute), the chemical potential is 

𝜇𝜇𝐼𝐼(𝐻𝐻+) = 𝜇𝜇0(𝐻𝐻+) + 𝑅𝑅𝑇𝑇𝑚𝑚𝑟𝑟 �
𝑝𝑝

1𝑀𝑀
� 

With the reference state pH 7 (10–7 M), the chemical potential is 

𝜇𝜇𝐼𝐼𝐼𝐼(𝐻𝐻+) = 𝜇𝜇0(𝐻𝐻+) + 𝑅𝑅𝑇𝑇𝑚𝑚𝑟𝑟 �
𝑝𝑝

10−7𝑀𝑀
� 

The difference is 

𝜇𝜇𝐼𝐼(𝐻𝐻+)− 𝜇𝜇𝐼𝐼𝐼𝐼(𝐻𝐻+) = 𝑅𝑅𝑇𝑇𝑚𝑚𝑟𝑟 �
𝑝𝑝

1𝑀𝑀
� − 𝑅𝑅𝑇𝑇𝑚𝑚𝑟𝑟 �

𝑝𝑝
10−7𝑀𝑀

� = 𝑅𝑅𝑇𝑇𝑚𝑚𝑟𝑟 �
10−7𝑀𝑀

1𝑀𝑀 � = 40 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 

2.19 Is mixing of two liquids to an ideal solution a spontaneous process? 

Answer: Compare the free energy G of the individual, unmixed components and of the mixture. 

G before mixing is 

𝐺𝐺𝑠𝑠𝑓𝑓𝑚𝑚𝑎𝑎𝑢𝑢𝑤𝑤𝑢𝑢 = 𝑟𝑟𝐴𝐴𝜇𝜇𝐴𝐴∗ + 𝑟𝑟𝐵𝐵𝜇𝜇𝐵𝐵∗  

(* for pure component). The free energy of the mixture is 

𝐺𝐺𝑚𝑚𝑎𝑎𝑢𝑢𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤 = 𝑟𝑟𝐴𝐴𝜇𝜇𝐴𝐴 + 𝑟𝑟𝐵𝐵𝜇𝜇𝐵𝐵 = 𝑟𝑟𝐴𝐴(𝜇𝜇𝐴𝐴∗ + 𝑅𝑅𝑇𝑇𝑚𝑚𝑟𝑟𝑥𝑥𝐴𝐴) + 𝑟𝑟𝐵𝐵(𝜇𝜇𝐵𝐵∗ + 𝑅𝑅𝑇𝑇𝑚𝑚𝑟𝑟𝑥𝑥𝐵𝐵) 

The difference is 

∆𝐺𝐺𝑚𝑚𝑎𝑎𝑢𝑢 = 𝐺𝐺𝑚𝑚𝑎𝑎𝑢𝑢𝑤𝑤𝑠𝑠𝑤𝑤𝑤𝑤 − 𝐺𝐺𝑠𝑠𝑓𝑓𝑚𝑚𝑎𝑎𝑢𝑢𝑤𝑤𝑢𝑢 = 𝑅𝑅𝑇𝑇(𝑟𝑟𝐴𝐴𝑚𝑚𝑟𝑟𝑥𝑥𝐴𝐴 + 𝑟𝑟𝐵𝐵𝑚𝑚𝑟𝑟𝑥𝑥𝐵𝐵) = 𝑟𝑟𝑅𝑅𝑇𝑇(𝑥𝑥𝐴𝐴𝑚𝑚𝑟𝑟𝑥𝑥𝐴𝐴 + 𝑥𝑥𝐵𝐵𝑚𝑚𝑟𝑟𝑥𝑥𝐵𝐵) 

with nA = xA∙n and nB = xB∙n. Both mole fractions are smaller than unity, xA < 1, xB < 1, hence the 

logarithmic terms are both negative. ΔG is therefore negative for all mixing ratios of A and B, and 

mixing is a spontaneous process. 
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2.20 A polysaccharide solution (c(PS) = 10 g L–1 in H2O) has an osmotic pressure of 5∙103 N m–2. 

What is the molar mass of the polysaccharide? What is the vapor pressure of the solution compared 

to pure water? 

Answer: The osmotic pressure is π = cRT with c = n/V = and n = m/M. By combining these equations 

and converting the concentration c = 10 g L–1 = 10000 g m–3 we obtain 

𝑚𝑚𝑚𝑚(𝑃𝑃𝑆𝑆) =
𝑅𝑅𝑇𝑇
𝑝𝑝
∙
𝑚𝑚
𝑉𝑉

= 4957 𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 

The vapor pressure of the solvent in the ideal solution is 

𝑝𝑝(𝐻𝐻2𝑂𝑂) = 𝑥𝑥𝐻𝐻2𝑂𝑂 ∙ 𝑝𝑝𝐻𝐻2𝑂𝑂
∗  

 

(Raoult’s law). The mole fraction of the polysaccharide is 

𝑥𝑥(𝑃𝑃𝑆𝑆) =
𝑟𝑟(𝑃𝑃𝑆𝑆)

𝑟𝑟(𝑃𝑃𝑆𝑆) + 𝑟𝑟(𝐻𝐻2𝑂𝑂) 

For a dilute (ideal) solution, we can approximate 

𝑥𝑥(𝑃𝑃𝑆𝑆) ≈
𝑟𝑟(𝑃𝑃𝑆𝑆)
𝑟𝑟(𝐻𝐻2𝑂𝑂) =

2.02 mmol 
55.5 mol

= 3.63 ∙ 10−5 

The mole fraction of water is xH2O = 1 – xPS = 0.9999637. Hence, the vapor pressure is reduced by 

0.00363% = 0.0363‰. 

2.21 Giant sequoia trees reach a height of more than 100 m. They have to transport water into 

the top of their crown. Can this be explained by the osmotic pressure due to the solutes in the 

cytoplasm? ρ(H2O) = 1 g cm–3. 

Answer: We can formulate the equilibrium between upward osmotic pressure and downward 

pressure due to gravitation as π = cRT = ρgh. With the water density ρ = 1 g cm–3, we obtain 

c = ρgh/RT = 0.4 M, which is rather high. In fact, capillary forces provide the driving force for 

transport. 
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2.22 What concentration of NaCl is required to prevent ice formation at T = –1°C and at T = –5°C? 

ΔHmelt (H2O) = 6 kJ mol–1. The solubility of NaCl in H2O is 359 g L–1, the molar mass M is 58.44 g mol–1. 

What is the maximum reduction in freezing point that can be achieved by a saturated NaCl solution? 

Answer: From 

∆𝑇𝑇 = 𝑥𝑥𝐵𝐵
𝑅𝑅𝑇𝑇𝑚𝑚𝑤𝑤𝑓𝑓𝑤𝑤2

∆𝐻𝐻𝑚𝑚𝑤𝑤𝑓𝑓𝑤𝑤
 

we obtain xB = 0.009 for –1°C and xB = 0.048 for –5°C. With the approximation that nB ≪ n(H2O), this 

corresponds to a 0.5 M NaCl solution to prevent ice formation at –1°C, while at –5°C, a 2.68 M 

solution is required. A saturated solution with 359 g L–1 has a concentration of c = 

359 g L–1/58.44 g mol–1 = 6.14 M. With the approximation that nB ≪ n(H2O), this corresponds to a 

mole fraction of xB ≈ 6.14 M/55.5 M = 0.11. The maximum decrease in freezing temperature is 

ΔT = –11.4°C. 
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	10  Binding reactions: one step- and two-step binding
	10.1 The binding of a ligand L to its interaction partner shows a hyperbolic dependence on the ligand concentration under pseudo-first order conditions. kobs as a function of [L] gives Kd1 = 100 µM and k2 = 1 s–1. The y-axis intercept is not well-defi...
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	11.9 An enzyme shows a sigmoidal dependence of the reaction velocity on substrate concentration. The [S]0.9/[S]0.1 ratio is 7.6. What is napp? What is the number of substrate binding sites?
	11.10 What is the relative distribution of the different enzyme forms and the reaction velocity for an enzyme with two active sites and a cooperativity factor α = 0.2 at [S] = 0.4 KS?
	11.11 A dimeric enzyme shows positive cooperativity for substrate binding. Cooperativity can be described by the concerted model. The enzyme exists in two conformations that are in equilibrium: either both protomers are in the T state that does not bi...
	11.12 Hexokinase (HK) binds glucose and catalyzes its phosphorylation to glucose-6-phosphate. Fructose binds to the enzyme and inhibits glucose phosphorylation. The dissociation constant of the HK/glucose complex is KS, the dissociation constant of th...
	11.13 The activity of an enzyme with KS = 50 µM and vmax = 1 µM s–1 is measured in the presence of 400 µM substrate and 500 µM of an inhibitor with a KI of 250 µM. What is the degree of inhibition for competitive, non-competitive and uncompetitive inh...
	11.14 What is the relative inhibition of an enzyme by a competitive inhibitor at [S] = KS and [I] = KI?
	11.15 Why is it effective to treat methanol or ethylene glycol poisoning with large (sub-lethal) doses of ethanol?
	11.16 RNase A has two histidines in the active site. All species bind substrate, but for catalysis His12 must be deprotonated, and His119 must be protonated. Deprotonation of His12 favors protonation of His119. Write a reaction scheme and derive the v...

	12  Complex reaction schemes and their analysis
	12.1 From a thermodynamic perspective, the change in free energy for binding of two substrates to an enzyme must be independent of the order of binding. Why can ordered binding be observed?
	12.2 An enzyme follows the ping-pong mechanism. In the first step, E reacts with substrate A to give product P and E’. E’ then binds substrate B. Conversion of B to product Q regenerates E. Using the steady-state approximation for E’, derive the rate ...
	12.3 An enzyme exists in two conformations, E1 and E2, which are interconverted with the rate constants k1 and k–1. Only E2 binds substrate S. The bimolecular rate constant for substrate binding is k2, the ES complex dissociates to E2 and S with k–2. ...

	13  Temperature dependence of rate constants
	13.1 The velocity of a reaction increases two-fold when the temperature is increased from 25 C to 37 C. Calculate the activation energy. How does the activation energy change when the increase in the rate constant k is four-fold?
	13.2 A protein folds to the native state that is 30 kJ mol–1 more stable than the unfolded state. The activation barrier for folding is Ea = 40 kJ mol–1. The protein can also form a non-functional intermediate (ΔGr = –20 kJ mol–1). The activation ener...
	13.3 DNA strands (A,B) associate rapidly to mismatched intermediates that slowly rearrange to the correctly base-paired duplex P. Derive an expression for the activation energy of the overall reaction from A and B to P. What is the reason for a “negat...
	13.4 Bimolecular reactions can be described by a first step that is the encounter of the reactants, and a second step that is the chemical reaction to products. Derive the overall rate constant and simplify for a diffusion-controlled reaction in which...

	14  Principles of catalysis
	14.1 Using a thermodynamic cycle, illustrate why an enzyme needs to bind tightly to the transition state, not the ground state of the reaction, to be an efficient catalyst.
	14.2 An enzyme reduces the activation energy Ea of the catalyzed reaction A ⇄ B by 5.7 kJ mol–1. What is the acceleration of the forward and reverse reaction at 25 C?


	III.   Molecular structure and stability
	15  Molecular structure and interactions
	15.1 The hydrolysis of phosphoenol pyruvate (shown) to pyruvate and inorganic phosphate is thermodynamically strongly favored, liberating ca. –62 kJ mol–1. What could be the reason?
	15.2 The C-N bond in amide groups has partial double bond character. Can this be explained by tautomerism?
	15.3 Methionine sulfoxide is a natural oxidation product in antibodies. Is this side chain chiral?
	15.4 The structure of glucose is shown. Draw the structures of mannose (C2-epimer) and galactose (C4-epimer).
	15.5 The structure of tartrate is shown. How many stereocenters and how many stereoisomers does this ion have?
	15.6 For the potential functions of the form 1/rn, what is the change in energy (in %) when the distance r is increased by 10% for n = 1 and n = 6?
	15.7 The short range effect of the 1/rn potentials can be visualized by calculation of the distance change that is necessary to halve the interaction energy. Derive the general formula for the factor by which the distance has to change in order to hal...
	15.8 For the H-bonds shown, assign the possible protein side chains and main-chain parts that can engage in them as donor or acceptor (see Figures 16.1 and 16.3 for help).
	15.9 N-methyl acetamide dimerizes in solution by forming H-bonds. Draw the structure of the dimer. The dimerization is favored in non-polar solvents such as CCl4, but disfavored in water. What is the reason?

	16  Proteins
	16.1 Calculate the concentration of neutral Gly in a 1 M solution at pH = pI. The pKA values for the carboxyl and ammonium groups are pKA1 = 2.3 and pKA2 = 9.8, respectively. Is it a good idea to draw the neutral form of free amino acids?
	16.2 Calculate the expected percentage of prolyl cis-peptide bonds (ΔG = –2 kJ mol–1) and non-prolyl cis-peptide bonds (ΔG = –10 kJ mol–1) at 25 C.
	16.3 The three most prominent rotamers of Thr are shown. The rotamer in cyan accounts for 43% in Thr, but the same conformation accounts for 73% of all rotamers in Val. What could be the explanation for this high propensity?
	16.4 Protonated 1,3-dicarbonic acids and also 3-ketoacids are unstable. They lose a molecule of CO2 by a pericyclic reaction. Draw the movement of electrons and the intermediates of the decarboxylation reaction. How is this decarboxylation avoided in ...
	16.5 Draw the two alternative Greek key motifs.
	16.6 The monomer-dimer equilibrium 2M ⇄ D is characterized by the equilibrium constant Ka. The total monomer concentration is M0. Derive a formula that relates the mole fraction M/M0 of monomer M to the equilibrium constant Ka. Draw a graph M/M0 as a ...
	16.7 In hydrophobic environments, a set of five water molecules often forms a planar ring. What could be the explanation? The H-O-H angle in water is 104.5 .
	16.8 GppNHp is a non-hydrolyzable GTP analog where the oxygen atom bridging the β- and γ-phosphate is replaced by an NH group. In the figure below, an H-bond is drawn between a peptide NH group of the P-loop and the N-atom of GppNHp. Why is this allowed?
	16.9 Given is the scheme for alternative ligand binding by induced fit and conformational selection:
	16.10 When an amphiphilic molecule is mixed with a little water and a large excess of oil, another type of micelle, the inverted micelle, is formed. What would be the general structure of such a micelle and what are the driving forces for its formation?
	16.11 Calculate the minimum number of residues for an α-helix to perpendicularly traverse a membrane of 3 nm mean thickness.
	16.12 Why can a single β-strand not exist in a membrane? What would be the shortest β-barrel to traverse a membrane?
	16.13 Why is guanidinium chloride less destabilizing than guanidinium thiocyanate?
	16.14 Guanidinium sulfate stabilizes proteins, what does this tell us about the relative effect of anions versus cations in the Hofmeister series?
	16.15 If RNase A is (1) denatured and reduced, (2) re-oxidized by air in the presence of denaturant, and (3) dialyzed into native conditions, the resulting scrambled RNase A has 1% activity compared to the starting material. What could be the explanat...
	16.16 Why is it not always advisable to purify proteins from thermophilic microorganisms at 4 C?
	16.17 The stability of a protein is given by

	17  Nucleic acids
	17.1 Draw the structure of 2’-deoxy-GTP at physiological pH including all stereo centers. Assign the two different pKA-values (about 2 and 7) to the phosphate oxygen atoms. How many charges does dGTP carry under physiological conditions? Explain the d...
	17.2 Draw the structure of deprotonated 1-methyl-adenosine. Can you suggest why the protonated form is much more stable? What about 3-methyl-cytosine?
	17.3 Free riboses are hemi-acetals and can open to an aldehyde. The closed furanose is much more stable than the open aldehyde. Upon closure of the aldehyde, two anomeric configurations can form that have different chirality at C1’. Draw the aldehyde ...
	17.4 Bromination of guanosine at C8 favors the syn-conformation. What could be the explanation?
	17.5 At room temperature and neutral pH, RNA spontaneously hydrolyzes about 100 times more quickly than DNA. The rate of RNA hydrolysis is considerably increased in alkaline solutions. What might be the reason and which chemical reaction is responsibl...
	17.6 Draw the G-C Hoogsteen base pair. Why is a protonated cytosine required?
	17.7 The A-T base pair is more stable than the A-U base pair. Can you explain?
	17.8 Draw the enol forms of G and T. Why can they not base-pair with C and A, respectively?
	17.9 The G-U Watson-Crick base pair is shown. Why can 2-thiouracil not base-pair with G but only with A?
	17.10 Inosine (shown) is often present at the first position of the anticodon of tRNA (the wobble position) where it recognizes U, C, and A. Draw the three Watson-Crick base pairs for inosine.
	17.11 The codon AUA codes for isoleucine, while AUG codes for methionine. How can inosine distinguish between the two codons?
	17.12 A plasmid of 1000 bp has a superhelical density of σ = –0.05. Calculate Lk, Lk0, and ΔLk. How does σ change after 5 catalytic cycles of DNA supercoiling by gyrase?
	17.13 Why is DNA relaxation an exergonic reaction although the DNA backbone needs to be cleaved?
	17.14 What is the overall bend of a DNA where 4 poly-A tracts are each spaced by 5 random base pairs?
	17.15 Acidic side chains can form a bi-dentate H-bond to the Watson-Crick face of guanine bases. An Asp side chain binds to the guanine in Ras, as shown in the figure.

	18  Computational biology
	18.1 What is the concentration ratio between the lowest energy and next best predicted RNA secondary structure if they differ by ΔΔG = 5.7 kJ mol–1 at 37 C?
	18.2 Jean-Baptiste Lamarck was a French naturalist. Assuming equal probabilities for all amino acids, what is the probability of finding the LAMARCK sequence by chance? Select the protein BLAST option at http://blast.ncbi.nlm.nih.gov/Blast.cgi and sea...


	IV.   Methods
	19 Optical spectroscopy
	19.1 A solution of ATP has a concentration of 100 µM. What is the absorption and transmission (d = 1 cm, ε(ATP) = 15400 M–1 cm–1)?
	19.2 Proteins typically have an absorption ratio of A280/A260 = 2, whereas the ratio for nucleic acids and nucleotides is A280/A260 = 0.5. A purified ATP-binding protein with a molar extinction coefficient ε280 = 12000 M–1 cm–1, has an absorption of A...
	19.3 Fluorescein absorbs light of λ = 495 nm. What is the energy difference ΔE of ground state S0 and excited state S1 per molecule and per mol? The extinction coefficient is ε = 95000 M–1 cm–1. How much energy is necessary to excite all molecules in ...
	19.4 NADH has an extinction coefficient ε340 of 6300 M–1 cm–1; NAD+ does not absorb at this wavelength. At 260 nm, NAD+ absorbs more strongly, with ε260 (NAD+) = 18000 M–1 cm–1, and ε260 (NADH) = 15000 M–1 cm–1. You find a very old stock of NADH in th...
	19.5 A solution contains glucose-6-phosphate and glucose-1-phosphate. When an excess of NADP+ and glucose-6-phosphate dehydrogenase is added, a final absorption at 340 nm of A340 = 0.60 is measured. Subsequent addition of phosphoglucomutase leads to a...
	19.6 Addition of Ellman’s reagent to a 15 µM protein solution leads to an increase in A412 by 0.22 units. In denaturing buffer, the increase is 0.43 units. How many surface-exposed and buried cysteines does the protein contain? Does the protein contai...
	19.7 An excess of Ellman’s reagent is added to a 10 μM solution of an enzyme. Under native conditions, the absorption increases by 0.15, under denaturing conditions it increases by 0.29. Calculate the number of accessible cysteines and explain the res...
	19.8 How can you determine the concentration of a structured RNA molecule of 154 nucleotides, consisting of 54 A, 35 G, 29 C, and 36 U, most accurately by absorption? How can you determine the extinction coefficient of the folded RNA molecule? Why is ...
	19.9 A CD measurement of the ellipticity at 222 nm gives θA = 1.246 mdeg for a 0.9 µM solution of protein A, a 23.4 kDa protein of 210 amino acids, and θB = 2.345 mdeg for a 1.15 µM solution of protein B, a 43.2 kDa protein of 393 amino acids. Which p...
	19.10 A protein folding intermediate shows a high far-UV CD signal, no near-UV CD, and tryptophan fluorescence at 330 nm wavelength. What are the characteristics of the intermediate?
	19.11 CD spectra for a protein in its folded and unfolded form are given.
	19.12 The heat-induced unfolding of a protein is measured using far-UV CD and tryptophan fluorescence as spectroscopic probes. The melting temperature determined from the transition observed by CD is 5 degrees higher than the melting temperature deter...
	19.13 Calculate the stiffness k for CO-, NH-, CH-, and CD- bonds from the harmonic oscillator model. The wavenumbers are 1720 cm–1 (CO), 3400 cm–1 (NH), 2900 cm–1 (CH), and 2200 cm–1 (CD). Calculate the average change in bond lengths Δx during the str...
	19.14 The wavenumber for the C-F stretch vibration is 1200 cm–1, the wavenumbers for the C-Cl, C-Br, and C-I stretch vibrations are 700 cm–1 (C-Cl), 550 cm–1 (C-Br), and 500 cm–1 (C-I). Can this effect be explained by the different masses of the halog...
	19.15 Why is it necessary to calculate difference spectra of free and bound forms of a fluorescent ligand to select the emission wavelength at which the signal change for a fluorescence titration is maximal? Under what conditions is the observation at...
	19.16 Calculate the equations for conversion of anisotropy r into polarization p and vice versa.
	19.17 A fluorescent ligand in solution has an anisotropy of 0.05. The anisotropy increases to 0.25 upon binding of the ligand to a protein. Calculate the anisotropy and polarization of a solution with 40% saturation. What is the deviation (in %), if a...
	19.18 A fluorophore has a quantum yield of 0.2 and a fluorescence lifetime of τ = 12 ns. Calculate the rate constants kf and knr for radiative and non-radiative transitions from S1 to S0 and the intrinsic lifetime τ0. Upon addition of 0.25 M acrylamid...
	19.19 A protein is very difficult to purify and tends to aggregate and precipitate when it is titrated to a fluorescent ligand. To be able to determine the Kd value of the protein-ligand complex, the titration is performed in reverse, by supplying the...
	19.20 A double-cysteine variant of a protein (εprotein, 280 nm = 14800 M–1 cm–1) has been labeled with a mixture of donor and acceptor maleimides for FRET experiments (εdonor, 495 nm = 72500 M–1 cm–1, εacceptor, 540 nm = 95000 M–1 cm–1). Both donor an...
	19.21 A colleague determines the Kd value of a DNA-protein complex by titration of the protein with a 10-base-pair DNA, and follows binding by measuring the fluorescence of intrinsic tryptophan residues. After an initial increase in tryptophan fluores...
	19.22 A globular protein is labeled with fluorophore A that has a lifetime τA = 1 ns, or fluorophore B with a lifetime τB = 10 ns. Which of the labeled proteins has the higher steady-state anisotropy and why?
	19.23 Calculate the steady-state anisotropies for fluorophores with lifetimes τ = 0.1 ns, 0.5 ns, 1 ns, 5 ns, 10 ns, 50 ns, and 100 ns that are rigidly attached to a molecule with τc = 1 ns. Binding of the molecule to a protein causes an increase in r...
	19.24 Two proteins of 25 kDa (A) and 45 kDa (B) form a heterodimer. One protein has no tryptophan, the other contains a single tryptophan. What are the prerequisites for measuring binding by a change in tryptophan anisotropy?
	19.25 Fluorescein has a lifetime of τD = 5.2 ns when attached to a DNA. When tetramethylrhodamine is attached at the other end of the DNA, the lifetime decreases to τDA = 3.6 ns. Upon binding of a protein to the DNA, the lifetime of the donor decrease...
	19.26 A Cy3-Cy5-labeled protein occurs in three different conformational states with inter-dye distances of 1 nm (50%), 2 nm (10%) and 5 nm (40%). The percentages are the fraction of each conformer in equilibrium. The Förster distance is R0 = 5.2 nm. ...
	19.27 A fluorescein-TMR-labeled enzyme is analyzed with time-resolved FRET. The donor lifetime is 5 ns in the absence and 4 ns in the presence of acceptor. When substrate is added, the donor lifetime is 5 ns in the absence and 1 ns in the presence of ...

	20 Magnetic resonance
	20.1 What is the magnetic field B0 in a 600 MHz spectrometer and a 1 GHz spectrometer? The magnetogyric ratio of 1H is γ = 268∙106 rad s–1 T–1. What is the Larmor frequency of 13C and 15N in these spectrometers? γ(13C) = 67∙106 rad s–1 T–1, γ(15N) = –...
	20.2 What are the possible alignments for the magnetic moments of a 1H and a 15N nucleus with scalar heteronuclear coupling in an external magnetic field in z-direction, and what are the associated relative energies?
	20.3 Explain the expected features of a 1D-NMR spectrum of ethanol.
	20.4 A 1D-NMR spectrum contains four doublets. How can you tell which nuclei show scalar coupling?
	20.5 Show that Γ is the full width at half maximum of an NMR line.
	20.6 The dispersion of an NMR spectrum is defined as the range of chemical shifts covered by the observed resonances. Why is a large dispersion an indication for folding? What does the NMR spectrum of an intrinsically unfolded protein look like?
	20.7 What NOE pattern between Cα-protons and amide protons would you expect within an α-helix and within a β-sheet?
	20.8 In an NMR experiment at 10 C, a protein-ligand binding reaction is in the slow exchange regime with k = 0.01∙Δω, and two resonance lines are observed for a proton in the ligand binding site. Can you bring the reaction into the fast exchange regim...
	20.9 A protein P is titrated with a ligand L, and ligand binding is observed as a change in the chemical shift of a proton in the binding site (fast exchange regime). Derive an equation for the measured chemical shift δobs as a function of total prote...
	20.10 RNA helicases consist of two domains that are connected by a flexible linker. ATP binds at the interface between the domains. In the presence of RNA, ATP binding leads to closure of the cleft between the domains, and the domains tightly interact...
	20.11 You want to determine the structure of a small globular domain that is part of a 400 kDa protein. Name three possible NMR approaches and state their limitations.
	20.12 Calculate the energy difference and difference in the population of the two spin states of unpaired electrons for X-band (0.34 T), Q-band (1.28 T), and D-band EPR spectrometers (5 T). ge = 2.00, µβ = 9.274∙10–24 J T–1, T = 298.15 K. What is the ...
	20.13 Why do paramagnetic compounds decrease the relaxation times of spin labels?

	21 Solution scattering
	21.1 The Rayleigh ratio is given by
	21.2 Raman scattering leads to two bands, the Stokes band and the anti-Stokes band. In fluorescence spectroscopy, the position of the Raman peak as a function of the excitation wavelength λex is given by:
	21.3 At a given scattering angle θ, what is the relative scattering intensity of argon atoms Ar, chloride ions Cl–, and calcium ions Ca2+? What about H2O, F–, and Mg2+?
	21.4 Calculate the average electron density of water.
	21.5 Derive a formula that relates the molecular mass MM of a spherical protein (in Da) to the radius of gyration Rg (in nm). The partial specific volume of proteins is 0.73 cm3 g–1.
	21.6 The figure shows the Kratky plots of an RNA molecule, the regulatory domain of the Lys riboswitch, both in the absence and in the presence of 5 mM MgCl2 (all other buffer conditions are identical). What is the explanation for the different curve ...
	21.7 What are the frequency, temperature, velocity, and wavelength of neutrons with energy of 25 meV? One eV equals 1.602 10−19 J, the Planck constant is h = 6.62607 10−34 J s, and the neutron mass is mn = 1.67493 10−27 kg.

	22 X-ray crystallography
	22.1 Moseley’s law is an empirical law that relates the energy of the electronic transitions to the atomic number Z: for the Kα transitions, Moseley’s law is
	22.2 The Kβ transitions for Cu and Ni are at 139 pm and 150 pm, respectively. Why can a thin Ni-foil be used to remove the Kβ radiation from the spectrum generated by a Cu anode?
	22.3 Calculate the number of unit cells in a cube-shaped crystal of 0.1 mm edges for unit cell dimensions a = b = c = 10 nm. For some XFEL experiments, crystals of only 100 unit cells along each edge are sufficient. What edge would a cube-shaped cryst...
	22.4 A protein of molecular mass 21 kDa has been crystallized in tetragonal space group P41212 (8 symmetry operators) with cell dimensions a = b = 98.5 Å, c = 104.2 Å, α = β = γ = 90 . How many molecules are possibly in the asymmetric unit and what is...
	22.5 A protein of 89 amino acid residues has been crystallized in space group P212121 (4 symmetry operators) with cell dimensions of a = 28.4 Å, b = 36.3 Å, and c = 65.7 Å. What is the likely number of molecules per asymmetric unit and what is the sol...

	23 Imaging and microscopy
	23.1 You need to expand a laser beam from d1 = 0.2 mm to d2 = 5 cm to fully illuminate the back-focal plane of your objective. The microscope has two empty lens holders with a distance of 26 cm. What lenses can you use?
	23.2 A rapidly diffusing molecule has a very short residence time in the confocal volume of an FCS instrument. How do you have to change the size of the confocal volume to be able to measure the diffusion time? Does this change require a widening or a...
	23.3 In an FCS experiment, the following fluorescence intensities are measured as a function of time.
	23.4 By FCS, the diffusion time of a double-stranded DNA is measured as τdiff,DNA = 3 ns. In presence of saturating concentrations of a restriction enzyme, the diffusion time increases to τdiff,complex = 10 ns. At a concentration of cDNA = 100 nM and ...
	23.5 How can you use fluorescence cross-correlation (FCCS) to test if a FRET sample contains species that carry both the donor and the acceptor fluorophore?
	23.6 In a total internal reflection fluorescence (TIRF) microscope the evanescent field is created at the glass-water interface (n1 = nglass = 1.51 and n2 = nwater = 1.33). Calculate the critical angle θc for total internal reflection. What is the pen...
	23.7 Compare the information from dwell-time histograms obtained by single molecule microscopy with the information from a histogram of photon arrival times in time-correlated single photon counting.
	23.8 Why do fluorescence bursts from single molecule FRET by confocal microscopy show a rather wide distribution of intensities and durations?
	23.9 Derive a formula that relates the acceleration voltage in an electron microscope to the wavelength of electrons. How should this formula be modified to take relativistic effects into account? What are the wavelengths for acceleration voltages of ...

	24 Force measurements
	24.1 An optical trap has a stiffness of k = 0.05 pN nm–1. A polymerase pulls with F = 22 pN on the DNA attached to the bead in the optical trap. What is the displacement Δx? What would the displacement be in a magnetic tweezers set-up (k = 0.5 pN nm–1...

	25 Transient kinetic methods
	25.1 You want to measure GTP hydrolysis by a small G-protein in complex with a regulatory protein. The regulatory protein stimulates the GTPase activity, and the reaction becomes too fast for hand-mixing. How can you do that (1) using stopped flow or ...

	26 Molecular mass and size
	26.1 A rotor spins at 60000 rpm. What is the radial position at which a centrifugal field of 250000 g is generated? What would be the apparent mass of an imbalance of 100 mg at this position?
	26.2 You want to study the assembly of a nucleotide-binding protein by AUC. In order for the protein to form a complex, high concentrations of nucleotide are required. What detection methods are best suited? Another protein binds very tightly to its n...
	26.3 Using l’Hôpital’s rule, show that for an oblate spheroid:
	26.4 Using l’Hôpital’s rule, show that for a prolate spheroid:
	26.5 Given is the Kirkwood approximation,
	26.6 Using the result from the previous question, show that for a dimer (N = 2) and trimer (N = 3) of spheres, the expected ratios sN/s1 are 1.25 and 1.5, respectively.
	26.7 A tetramer sediments with a coefficient of s4 = 33.5 S. The monomer sediments with s1 = 20 S. Is the tetramer square planar or tetrahedral?
	26.8 Starting from this form of the Lamm equation:
	26.9 How much (in %) does the observed s value for a globular protein at 10 mg mL–1 differ from that extrapolated to zero concentration (ks = 0.005 mL mg–1)? What concentration would be needed to have only a 0.1% change of s?
	26.10 A 50 kDa protein is sedimented under equilibrium conditions at 300 K in a buffer of density 1 kg∙L–1. Calculate the rotation speed required to produce a concentration ratio of 100 between the meniscus (r0 = 6.2 cm) and a radial position 5 mm dow...
	26.11 For r0 = 1 cm, z0 = 0.783 cm, U1 = 1000 V, and ω = 1.1 MHz, what is the minimum m/z that can be stored in the ion trap of a mass spectrometer? The Avogadro constant is 6.022 1023 mol–1 and 1 V = 1 kg m2 s–2 C–1.
	26.12 In a mass spectrometer we would like to measure the current of an ion with a single positive charge for as long as it takes to reach a signal-to-noise ratio of ten. The noise level of the detector is 1 fA and we assume a counting efficiency of u...
	26.13 To circumvent the long integration time from the previous question, we use a photomultiplier with a gain of 105 to boost the signal. How long would we need to measure for S/N = 10, assuming a counting efficiency of unity?
	26.14 The balance group in the iTRAQ reagent has only two atoms, carbon and oxygen. Which isotope combinations are used to achieve the four different masses of 28–31 Da?
	26.15 The time of flight of an ion after MALDI is 0.2 ms. The acceleration voltage is 15 kV, and the length of the drift tube is 2 m. Only a single ion type is observed. What is the molecular mass of the ion in Da? Is it a peptide? The elemental charg...
	26.16 Se-Met modified proteins are used for phasing in X-ray crystallography, and 15N-labeled proteins are used for 2D NMR spectroscopy. How can the percentage of incorporation of these modifications be measured by mass spectrometry?
	26.17 What is the expected relative mass peak distribution for ethane? What are the first three relative peak intensities for fullerene C60? The natural abundances of 12C and 13C are 98.9% and 1.1%, respectively.
	26.18 A protein is analyzed by native and denaturing ESI. The following spectra are obtained:
	26.19 Lysozyme from chicken has a calculated molecular mass of 16238.6 Da. The sequence contains eight cysteine residues. ESI mass analysis gives the following m/z data:
	26.20 Why can samples be colored, turbid, or even opaque, or why does absorption or scattering not pose a problem for SPR?
	26.21 To reduce mass transport during the dissociation phase in an SPR experiment, someone suggests injecting an inhibitor for either the receptor or the analyte in order to avoid re-binding. What conditions must such an inhibitor meet?
	26.22  Why is Tris buffer not suitable for amine coupling?
	26.23 Thiol coupling is often used for acidic proteins with a pI of < 3.5. Why could that be?
	26.24 In some SPR instruments, one response unit or resonance unit (RU) corresponds to 0.0001  shift in SPR angle, which is equivalent to a refractive index change of 10–6 and a mass change on the sensor surface of about 1 pg mm–2. A receptor of molec...

	27 Calorimetry
	27.1 An ITC with a cell volume of 1.4 mL is filled with 10 μM protein solution. The injection volumes are 5 μL of a 50 μM ligand solution every 2 min. After the titration is finished and evaluated, a Ka of 109 M–1 and ΔH of –40 kJ mol–1 is found. What...
	27.2 For the competitive titration of a low-affinity protein-ligand complex MB characterized by Ka,low with a high-affinity ligand A, the apparent equilibrium constant is
	27.3 The data given in the table below are from thymidine binding to thymidine kinase. Estimate the heat capacity from these data.



