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Lecture 6 – Quick Summary
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Equilibrium constant 

From the chemical potential you can derive the Keq

Free energy and chemical potential 

Gibbs free energy gives you a quantitative way to understand 
the spontaneous direction of biological processes 

388 CHAPTER 9:  Free Energy

We now de! ne a new state function of the system, which we call the Gibbs free 
energy (G): 

       G = H – TS                                                            (9.20)
All of the variables in Equation 9.20 refer to the system alone, and so we no longer 
use subscripts to distinguish them. " e enthalpy (H), the temperature (T), and the 
entropy (S) in Equation 9.20 are all state variables, and so G is also a state function. 
" e Gibbs free energy is named after Josiah Willard Gibbs, who ! rst introduced 
the ideas that led to the de! nition given in Equation 9.20. As we discuss below, in 
part C of this chapter, the change in Gibbs free energy during a process is equal 
to the maximum amount of non-expansion work that can be extracted from the 
process. " e change in Gibbs free energy is therefore the amount of energy (or 
heat) that is “free” to be converted to work (the rest is bound up in entropy).

An in! nitesimally small change in G (that is, dG) is given by:
dG = dH – TdS – SdT

At constant temperature the value of dT is zero, and so this equation reduces to:
      dG = dH – TdS                                                        (9.21)

Substituting Equation 9.21 into Equation 9.19 yields:
dG ≤ 0  (constant pressure and temperature) (9.22)

" us, a spontaneous process at constant temperature and pressure always 
involves a decrease in the Gibbs free energy of the system (that is, dG < 0). It fol-
lows, then, that the value of the Gibbs free energy is at a minimum (that is, dG = 0) 
at equilibrium, as shown in Figure 9.6. 
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Figure 9.6 The Gibbs free energy, 
G, has a minimal value at 
equilibrium. The graph shows how 
the free energy, G, of the system 
changes during a general process 
or reaction. The horizontal axis 
represents a variable of the system, 
denoted X. The two expanded views 
show the variation of the free energy 
(A) when X is close to the equilibrium 
value and (B) when X is far from 
equilibrium. 

Gibbs free energy

The Gibbs free energy, G, of a 
system is given by:

G = H − TS
For a system at constant pressure 
and temperature, the value of G 
always decreases in a spontaneous 
process.

CHEMICAL POTENTIAL      417

10.4 The chemical potential is proportional to the logarithm 
of the concentration

We know intuitively that spontaneous di! usion drives molecules from regions of 
higher concentration to regions of lower concentration. We have also seen that 
the chemical potential must be greater at higher concentration. What, then, is 
the mathematical relationship between concentration and chemical potential? 
For an ideal, dilute solution of a solute in a solvent, the relationship between the 
chemical potential at two concentrations (C1 and C2) of the solute is as follows:

(10.15)

In Equation 10.15, ȝ1 is the chemical potential (that is, the free energy per mol-
ecule of solute) when the concentration of the solute is C1 and ȝ2 is the chemical 
potential when the concentration of the solute is C2. Equation 10.15 is central to 
much of biochemical analysis, and in this section we discuss how we arrive at this 
equation.

To better understand Equation 10.15, let us consider two regions of equal volume, 
both containing a solution of A molecules (the solute) in B molecules (the solvent; 
for example, water). " e concentration of A is higher in region 1 than in region 2. 
" us, the number of A molecules in region 1 (NA1) is greater than the number of 
A molecules in region 2 (NA2), as shown in Figure 10.3. Since both solutions are 
dilute, we assume that the number of B (solvent) molecules in both regions (NB) 
is much larger than the number of A molecules in either region (that is, NB >> NA1 
and NB >> NA2). Also, we assume that NB is the same in both regions because both 
regions have the same volume. " at is, we assume that the concentration of the 
solvent does not change when the concentration of the solute changes. " is is true 
only for very dilute solutions.

" e free energies of the A molecules in the two regions, G1 and G2, are given by:

G1 = H1 – T S1                                                        (10.16)

and 

G2 = H2 – T S2                                                        (10.17)

region 1 region 2

M grid boxes

Solvent: NB, μB

Solute: NA2, μA2

M grid boxes

Solvent: NB, μB

Solute: NA1, μA1

Figure 10.3 The relationship 
between chemical potential 
and concentration. Shown are 
two regions of an ideal dilute 
solution, with solute (A, red ) 
and solvent (B, blue) molecules. 
For an ideal dilute solution, the 
difference in solute chemical 
potential (ΔȝA) is given by:

where C1 and C2 are the 
concentrations of A in regions 
1 and 2, respectively. 
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The chemical potential determines the equilibrium conditions 
for these biological processes and depends on their 
concentration
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Substituting the value of dG from Equation 10.8 into Equation 10.12, we get: 

 (10.13)

For dG to be less than zero, the sign of dNin must be opposite to the sign of 
(ȝin – ȝout). ! erefore, if Nin decreases spontaneously (that is, if dNin < 0), then
(ȝin – ȝout) > 0. It follows that:

ȝin > ȝout      (if Nin decreases spontaneously)     (10.14)

According to Equation 10.14, molecules move spontaneously from regions of high 
chemical potential to regions of low chemical potential. 

10.3 Biochemical reactions are assumed to occur in ideal 
and dilute solutions, which simplifi es the calculation 
of the chemical potential

One of the most important conclusions of this chapter, discussed in the next sec-
tion, is that the chemical potential of a solute is related to the logarithm of the 
concentration of the solute. ! e reason this relationship is so important is that 
it underlies the discussion of chemical equilibrium that follows. ! e logarithmic 
dependence of chemical potential on solute concentration comes about as a con-
sequence of the positional entropy of the solute. 

It is much easier to calculate the entropy of the solute when the solution is very 
dilute. Most biochemical reactions occur in aqueous solution, where the concen-
tration of water is 55 M. ! e physiological concentrations of proteins and small 
molecules such as ATP are in the millimolar (10–3 M) range or below, so the con-
centrations of these solutes are low compared to the concentration of water (that 
is, the solutions are very dilute). 

If a solution is so dilute that the solute molecules do not interact with each other, 
the solution is referred to as an ideal dilute solution (Figure 10.2). What this also 
means is that, although the solute molecules do interact with the solvent mol-
ecules in an ideal dilute solution, the energy of interaction between any indi-
vidual solute molecule with the solvent molecules does not change with solute 
concentration. ! e molar energy (or enthalpy) of the solute is independent of the 
concentration of the solute in an ideal dilute solution. As we shall see, changes in 
the chemical potential of an ideal solution as a function of concentration are due 
solely to changes in the entropy of the solute.

add more solute
molecules

solvent
solute

Figure 10.2 An ideal dilute solution. An ideal dilute solution is one in which the solute molecules do not infl uence each other 
energetically. In the example shown schematically here, the addition of more solute molecules is assumed to result in no change in 
the average energy (or energy per molecule) of the other solute molecules. 

Ideal dilute solution

A solution in which the 
concentration of the solute is so 
low that individual solute molecules 
do not infl uence each other is 
referred to as an ideal dilute 
solution.

dG = (µin – µout) dNin < 0
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10.7 The concentrations of reactants and products at 
equilibrium defi ne the equilibrium constant (K), 
which is related to the standard free energy change 
(ΔGo) for the reaction

When the reaction comes to equilibrium, let the concentrations of A, B, C, and D 
be denoted by [A]eq, [B]eq, [C]eq, and [D]eq, respectively. ! e chemical potentials 
in Equation 10.43 refer to these equilibrium concentrations. According to Equa-
tion 10.33, the values of ȝA, ȝB, ȝC, and ȝD are related to the standard state values 
of the chemical potentials (ȝo

A, ȝo
B, ȝo

C, and ȝo
D) by:

(10.44)

(10.45)

(10.46)

(10.47)

In Equations 10.44–10.47, the terms [A]o, [B]o, etc., are the standard state concen-
trations. For most solutions, the standard state corresponds to a 1 M solution, and 
so these terms usually disappear. ! ey have been retained in Equations 10.44–
10.47 to remind us that the arguments of the logarithms are dimensionless num-
bers, and do not have units of concentration.

Substituting Equations 10.44–10.47 into Equation 10.43 with the equilibrium con-
centrations, we get:

(10.48)

Rearranging terms, we get:

(10.49) 

! e terms on the left-hand side of the equation represent the free-energy change 
upon a complete conversion of stoichiometric equivalents of reactants to prod-
ucts under standard conditions—that is, the left-hand side is equal to the value of 
ΔGo for the reaction. ! us, Equation 10.49 can be rewritten as:

(10.50)

We de" ne the ratio of concentrations in Equation 10.50 as the equilibrium 
constant, Keq, for the reaction. ! us,

(10.51)

where [A]eq, [B]eq, [C]eq, and [D]eq are the concentrations of the reactants and 
products at equilibrium, and ȣC, ȣD, ȣA, and ȣB are the stoichiometric coe#  cients 
of the reaction. ! e subscript “eq” is usually dropped from Keq and the concen-
trations that go into it, but you should note that using an equilibrium constant 
implies that the concentrations are those at equilibrium.

! e standard free energy change (ΔGo) is given by:

 (10.52)

It follows, from Equation 10.52, that the value of Keq is given by:
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Equilibrium constant

The equilibrium constant, Keq, for a 
reaction relates the concentrations 
of reactants and products at 
equilibrium. The value of Keq is 
given by:

for a simple reaction involving A, 
B, C, and D. [A]eq, [B]eq, [C]eq, and 
[D]eq are the concentrations at 
equilibrium, and ȣA, ȣB, ȣC, and 
ȣD, are the stoichiometric 
coeffi cients of the reaction. 
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which is related to the free energy (in an exponential way)

remember the relevant application to protein folding/unfolding 



Lecture 7 - Outline

Today: 
• Boltzmann distribution continued  
• Molecular binding  
• Thermodynamics of binding  

Reading suggestions: 
• The Molecules of Life (Chapters 12-13)
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Entropy (statistical definition)    

326 CHAPTER 7:  Entropy

because it depends only on the parameters that de! ne the present state of the sys-
tem, not on its history (that is, not on the path used to achieve its present state; see 
Section 6.4). Based on these properties of ln W, a new state function of the system, 
known as the entropy (S), is de! ned as follows:

(7.58)

where kB is the Boltzmann constant, which has a value of 1.38 × 10–23 J•K–1. Equa-
tion 7.45 is known as the statistical de! nition of entropy. # e entropy de! ned in 
this way has the same units as the Boltzmann constant—that is, energy/tempera-
ture.

We have already encountered the Boltzmann constant when we discussed the 
Boltzmann distribution in Section 6.10. Recall that the Boltzmann constant is 
simply the gas constant (R) divided by Avogadro’s number (NA):

(7.59)

7.20 The change in entropy is related to the heat transferred 
during a process

# e de! nition of entropy given in Equation 7.58, in which a pure number (ln W) is 
multiplied by a constant (kB) with units of energy over temperature, arose due to 
historical reasons. In the nineteenth century, the concept of entropy was derived 
from the study of heat engines, and the change in entropy during a process, ΔS, 
was de! ned as follows:

(7.60)

where qrev is the heat transferred to the system during a reversible or near-
equilibrium transition (discussed in greater detail in Section 7.21) from one 
state to another, and T is the absolute temperature. Equation 7.60 is known as the 
thermodynamic de! nition of entropy. # e two de! nitions of entropy are made 
consistent by multiplying ln W by the Boltzmann constant, kB. As we discuss 
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Figure 7.26 The logarithm of the 
multiplicity (ln W) is an additive and 
therefore extensive property of the 
system. (A) Two systems, A and B, 
are shown. The combined multiplicity 
is the product of the individual 
multiplicities, and so ln W is additive. 
(B) Two systems are shown that are 
identical in terms of their composition, 
except that one is twice the size of the 
other. The value of ln W for the larger 
system is twice the value of ln W for 
the smaller system. 

=∆S
q
T
rev

Statistical defi nition 
of entropy

The Boltzmann constant, kB, relates 
the multiplicity, W, to entropy, S, 
through the statistical defi nition of 
entropy:

S = kB ln W.

which is therefore extensive and a state function, and has the unit of an  
energy/temperature, J/K, like the Boltzmann constant. 
This is equivalent to the thermodynamic definition of S: 

that you have seen derived from the study of heat engines (see page 330 
Chapter 7 for a demonstration for ideal gas). 
Thus spontaneous processes will increase entropy and at equilibrium S will be 
maximal 

2nd law of thermodynamics - maximal entropy principle  
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Statistical defi nition 
of entropy

The Boltzmann constant, kB, relates 
the multiplicity, W, to entropy, S, 
through the statistical defi nition of 
entropy:

S = kB ln W.
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Chapter 7 also introduced the following de! nition of the entropy, which appears 
at ! rst glance to be unrelated to Equation 8.1:

(8.2)
where ̈ S is the change in entropy of a system upon transforming from one state to 
another, qrev is the heat (that is, energy in the form of random molecular motion) 
transferred to the system during the transformation, using a reversible process 
(that is, a near-equilibrium process; see Section 7.21), and T is the temperature 
(which is held constant during the transformation and is measured on the abso-
lute scale). Recall from Chapter 7 that Equation 8.2 is referred to as the thermody-
namic de! nition of the entropy, and that it arose historically from studying the 
direction of spontaneous change in heat transfer processes in heat engines. 

" e multiplicity, W, which underlies the de! nition of the entropy in Equation 8.1, 
is an abstract concept. Although we can understand readily what W means, we 
cannot compute the value of W easily for systems of even moderate complexity, 
and there is no straightforward way to measure the value of W experimentally. 
Equation 8.2, on the other hand, tells us that if we carry out a transformation from 

q

W = number of conformations or configurations

= ¨lnW
¨S
kB

qrev

T
¨S = 

(A)

(B)

Figure 8.1 Statistical and 
thermodynamic defi nitions of 
entropy. (A) The statistical defi nition 
of entropy is based on the concept 
of the multiplicity of the system. The 
greater the multiplicity, the greater 
the entropy. The change in entropy for 
a process, such as protein unfolding, 
is proportional to the change in the 
logarithm of the multiplicity. (B) The 
thermodynamic defi nition of the 
entropy relates the change in entropy 
for a process to the heat delivered 
to the system while the process is 
carried out under reversible (that is, 
slow and near-equilibrium) conditions. 
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q

T
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Figure 8.1 Statistical and 
thermodynamic defi nitions of 
entropy. (A) The statistical defi nition 
of entropy is based on the concept 
of the multiplicity of the system. The 
greater the multiplicity, the greater 
the entropy. The change in entropy for 
a process, such as protein unfolding, 
is proportional to the change in the 
logarithm of the multiplicity. (B) The 
thermodynamic defi nition of the 
entropy relates the change in entropy 
for a process to the heat delivered 
to the system while the process is 
carried out under reversible (that is, 
slow and near-equilibrium) conditions. 
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thermodynamic  
definition of S

statistical  
definition of S 

W is difficult to be estimated, but heat can be measured and this equivalence provides a 
way to reconnect S to the molecular features of the system - the link is T, temperature 
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At low T → they all roll into the lowest 
valley (energy U dominates) 

At high T → they spread out, exploring 
higher hills (entropy S dominates)

Temperature measures how much they care about exploring versus settling
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P (U) / e�U/kBT mathematical way of saying low energy is good, but higher energy can 
still happen — less often, by an amount that depends on temperature

consider our folding problem

that’s the microscopic explanation of 
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thus you can estimate the ratios between different populations at different energy levels using the following relation:   

Remember that the gas constant R is the “molar” form of kB, in fact: 
R = NA kB = 8.3145 J/K*mol, thus if you work with KJ/mol you have to use RT in the Boltzmann distribution 

If you have a system with N molecules and total energy U, when N is large (~NA), it is difficult to know how the 
energy is distributed through N atoms. Thus we can only describe in statistical terms the population of a state, 
i.e. the Ni – number of molecules that will be found in an energy level with energy Ui.

<latexit sha1_base64="yTXyc35DkfrGx7hhUlwsiqaWABk="></latexit>

P (Ni) =
Ni

N
=

e�Ui/kBT

P
i e

�Ui/kBT
thus

where Q is the partition function

and kB is the Boltzmann constant  
(kB = 1.381 x 10-23 J/K)

but Q is constant at a given temperature, thus
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we can simply access the ratios between populations of different energy levels using the following relation:  

Boltzmann Distribution and Energetic Levels    

At 300 K, the value of kBT is 4.2 × 10−21 J. # is is an awkwardly small number, and 
it is more convenient to switch the units of energy to kJ•mol–1. Since 1 mol = 6.022 
× 1023 molecules,

(6.33)

# us,

at 300 K, where ∆U is the di$ erence in energy between the % rst and second levels 
in units of kJ•mol–1. 

Table 6.1 expresses the Boltzmann factor e
U

k TB( )−∆
 as a function of energy in 

multiples of the value of kBT. Based on these values, we can see that when the dif-
ference in energy between two levels is much greater than kBT, the higher energy 
level is not populated to a signi% cant extent (see Figure 6.15). For example, if the 
energy di$ erence between two levels is 2kBT, then the population of the upper 
level is ~13% that of the lower level. If the energy di$ erence is 10kBT, then the 
population of the upper level decreases to 0.0045%.

# e Boltzmann factor explains why we ignored electronic excitations when con-
sidering the contributions to the heat capacity of an ideal gas. Because we are 
concerned primarily with biological systems, we consider energy changes that 
occur near room temperature—that is, T ≈ 300 K and kBT ≈ 2.5 kJ•mol–1. # e 
energy di$ erence between the lowest electronic energy level and the next highest 
one is typically ~1000 kJ•mol–1—that is, ∆U >> kBT for electronic energy levels at 
room temperature. # e much smaller thermal energy at room temperature (~2.5 
kJ•mol–1) is very unlikely to excite molecules to higher electronic energy levels. 
We can recognize that this is the case by considering that ultraviolet radiation can 
excite electrons into higher energy levels. # e wavelength of ultraviolet radiation 
is ~100 nm, corresponding to an energy of ~1,200 kJ•mol–1.

When the Boltzmann constant (kB = 1.4 × 10−23 J•K−1) is expressed in units of 
J•mol–1, it is equivalent to the gas constant, R. # at is, the gas constant is simply 
Boltzmann’s constant multiplied by Avogadro’s number (NA):

(6.34)

What this means is that if we use units of J•mol–1 for the energy, then instead of 
kBT we simply use RT to calculate the Boltzmann factor.
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3 molecules with different accessible energy levels - levels that are less spaced 
(< kT) are more accessible 

At 300 K, the value of kBT is 4.2 × 10−21 J. # is is an awkwardly small number, and 
it is more convenient to switch the units of energy to kJ•mol–1. Since 1 mol = 6.022 
× 1023 molecules,

(6.33)

# us,

at 300 K, where ∆U is the di$ erence in energy between the % rst and second levels 
in units of kJ•mol–1. 

Table 6.1 expresses the Boltzmann factor e
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 as a function of energy in 

multiples of the value of kBT. Based on these values, we can see that when the dif-
ference in energy between two levels is much greater than kBT, the higher energy 
level is not populated to a signi% cant extent (see Figure 6.15). For example, if the 
energy di$ erence between two levels is 2kBT, then the population of the upper 
level is ~13% that of the lower level. If the energy di$ erence is 10kBT, then the 
population of the upper level decreases to 0.0045%.

# e Boltzmann factor explains why we ignored electronic excitations when con-
sidering the contributions to the heat capacity of an ideal gas. Because we are 
concerned primarily with biological systems, we consider energy changes that 
occur near room temperature—that is, T ≈ 300 K and kBT ≈ 2.5 kJ•mol–1. # e 
energy di$ erence between the lowest electronic energy level and the next highest 
one is typically ~1000 kJ•mol–1—that is, ∆U >> kBT for electronic energy levels at 
room temperature. # e much smaller thermal energy at room temperature (~2.5 
kJ•mol–1) is very unlikely to excite molecules to higher electronic energy levels. 
We can recognize that this is the case by considering that ultraviolet radiation can 
excite electrons into higher energy levels. # e wavelength of ultraviolet radiation 
is ~100 nm, corresponding to an energy of ~1,200 kJ•mol–1.

When the Boltzmann constant (kB = 1.4 × 10−23 J•K−1) is expressed in units of 
J•mol–1, it is equivalent to the gas constant, R. # at is, the gas constant is simply 
Boltzmann’s constant multiplied by Avogadro’s number (NA):

(6.34)

What this means is that if we use units of J•mol–1 for the energy, then instead of 
kBT we simply use RT to calculate the Boltzmann factor.
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262 CHAPTER 6:  Energy and Intermolecular Forces

! e partition function, Q, is a normalization factor that ensures that the probabil-
ity of " nding a molecule in any one of the energy levels is 1.0, as will be explained 
in Chapter 8. ! e value of Q is a constant at a given temperature (that is, we assume 
that the energies, Ui , of the di# erent levels do not change with temperature), and 
so we can write a simpler form of the Boltzmann distribution as follows: 

(6.31)

! e exponential term on the right-hand side of Equation 6.31 is known as the 
Boltzmann factor, and it determines the relative population of an energy level, as 
explained below. Note that the term kBT has units of energy, and that it is the ratio 
of the energy to the value of kBT that enters into the Boltzmann factor.

! e Boltzmann distribution helps us understand which energy levels will be pop-
ulated to a signi" cant extent at a certain temperature at equilibrium (Figure 6.16). 
For example, consider any two energy levels for a molecule. Call the lower energy 
level 1, and call the higher energy level 2. ! e ratio of the number of molecules in 
level 2, N2 , to the number of molecules in level 1, N1, is given by the Boltzmann 
distribution as follows: 

(6.32)

where ∆U = U2 – U1.

N ei

U
k T

i
B∝

−

N
N

e
U

k T2

1

B=
−∆

Figure 6.16 Population of energy levels as a function of the energy gap and temperature, as given by the Boltzmann 
distribution. (A) The energy spacings for three different kinds of molecules are shown, all at the same temperature. The energy of 
each level is shown in multiples of kBT. Molecule A has a large energy gap (∆U > kBT). The population of the upper levels is small. 
Molecule B has an intermediate energy gap (∆U ≈ kBT). The population of the upper levels increases. Molecule C has a small energy 
gap (∆U < kBT), and the population of the upper levels becomes much larger. The relative population, p, of each level is indicated 
on the right of each diagram. (B) Population of energy levels for the same molecule are shown at different temperatures. The 
population of the upper levels increases with temperature. Note that real molecules do not have equally spaced energy levels, and 
the examples shown here are merely illustrative.

(A) three molecules at the same temperature

(B) one molecule at different temperatures
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we can simply access the ratios between populations of different energy levels using the following relation:  

Boltzmann Distribution and Energetic Levels    
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same molecule at different T, the occupancy of energy levels increases with T

At 300 K, the value of kBT is 4.2 × 10−21 J. # is is an awkwardly small number, and 
it is more convenient to switch the units of energy to kJ•mol–1. Since 1 mol = 6.022 
× 1023 molecules,

(6.33)

# us,

at 300 K, where ∆U is the di$ erence in energy between the % rst and second levels 
in units of kJ•mol–1. 

Table 6.1 expresses the Boltzmann factor e
U

k TB( )−∆
 as a function of energy in 

multiples of the value of kBT. Based on these values, we can see that when the dif-
ference in energy between two levels is much greater than kBT, the higher energy 
level is not populated to a signi% cant extent (see Figure 6.15). For example, if the 
energy di$ erence between two levels is 2kBT, then the population of the upper 
level is ~13% that of the lower level. If the energy di$ erence is 10kBT, then the 
population of the upper level decreases to 0.0045%.

# e Boltzmann factor explains why we ignored electronic excitations when con-
sidering the contributions to the heat capacity of an ideal gas. Because we are 
concerned primarily with biological systems, we consider energy changes that 
occur near room temperature—that is, T ≈ 300 K and kBT ≈ 2.5 kJ•mol–1. # e 
energy di$ erence between the lowest electronic energy level and the next highest 
one is typically ~1000 kJ•mol–1—that is, ∆U >> kBT for electronic energy levels at 
room temperature. # e much smaller thermal energy at room temperature (~2.5 
kJ•mol–1) is very unlikely to excite molecules to higher electronic energy levels. 
We can recognize that this is the case by considering that ultraviolet radiation can 
excite electrons into higher energy levels. # e wavelength of ultraviolet radiation 
is ~100 nm, corresponding to an energy of ~1,200 kJ•mol–1.

When the Boltzmann constant (kB = 1.4 × 10−23 J•K−1) is expressed in units of 
J•mol–1, it is equivalent to the gas constant, R. # at is, the gas constant is simply 
Boltzmann’s constant multiplied by Avogadro’s number (NA):

(6.34)

What this means is that if we use units of J•mol–1 for the energy, then instead of 
kBT we simply use RT to calculate the Boltzmann factor.
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! e partition function, Q, is a normalization factor that ensures that the probabil-
ity of " nding a molecule in any one of the energy levels is 1.0, as will be explained 
in Chapter 8. ! e value of Q is a constant at a given temperature (that is, we assume 
that the energies, Ui , of the di# erent levels do not change with temperature), and 
so we can write a simpler form of the Boltzmann distribution as follows: 
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! e exponential term on the right-hand side of Equation 6.31 is known as the 
Boltzmann factor, and it determines the relative population of an energy level, as 
explained below. Note that the term kBT has units of energy, and that it is the ratio 
of the energy to the value of kBT that enters into the Boltzmann factor.

! e Boltzmann distribution helps us understand which energy levels will be pop-
ulated to a signi" cant extent at a certain temperature at equilibrium (Figure 6.16). 
For example, consider any two energy levels for a molecule. Call the lower energy 
level 1, and call the higher energy level 2. ! e ratio of the number of molecules in 
level 2, N2 , to the number of molecules in level 1, N1, is given by the Boltzmann 
distribution as follows: 
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where ∆U = U2 – U1.
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Figure 6.16 Population of energy levels as a function of the energy gap and temperature, as given by the Boltzmann 
distribution. (A) The energy spacings for three different kinds of molecules are shown, all at the same temperature. The energy of 
each level is shown in multiples of kBT. Molecule A has a large energy gap (∆U > kBT). The population of the upper levels is small. 
Molecule B has an intermediate energy gap (∆U ≈ kBT). The population of the upper levels increases. Molecule C has a small energy 
gap (∆U < kBT), and the population of the upper levels becomes much larger. The relative population, p, of each level is indicated 
on the right of each diagram. (B) Population of energy levels for the same molecule are shown at different temperatures. The 
population of the upper levels increases with temperature. Note that real molecules do not have equally spaced energy levels, and 
the examples shown here are merely illustrative.
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we can simply access the ratios between populations of different energy levels using the following relation:  

Boltzmann Distribution and Energetic Levels    



11Boltzmann Distribution in macromolecules

Protein molecules take up 
energy as they unfold 

One can see how the formalism of the Boltzmann distribution helps us 
to describe what occurs in proteins and other biomolecules.

Shifting the distribution of populations 
with temperature 
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Ground State (xtal-3dmv) 
Excited State 
Benzene 
Excited State Stabilizing Mutations 

Lysozyme

G113A  

R119P  

Proteins can co-exist in multiple conformational states (e.g. ground and excited) 
With rational mutations one can shift the occupation of these states 

Protein Mutants 

Engineering conformational changes

Bouvignies, G., Vallurupalli, P., Hansen, D. et al. Solution structure of a minor and transiently formed state of a T4 lysozyme mutant. 
Nature 477, 111–114 (2011). https://doi.org/10.1038/nature10349

• Quaternary structure refers to the association of different polypeptide chains (subunits) into a 
multimeric complex with some molecular function.

• For example, hemoglobin is composed of 4 subunits of the same protein (+ heme group). 
Quaternary structure can also refer to complexes with DNA, RNA, lipids or any other biomolecule.

Quaternary structure 

Quaternary structure

Subunit 1

Subunit 2Subunit 3

Subunit 4

Heme 1

Heme 2Heme 3

Heme 4

(from Lecture 4)



Why binding is that important ?
Because all cellular processes are controlled by the way that different molecules interact with 
each other, for example recognition of proper substrates by enzymes, the transmission of 
cellular signals, the recognition of one cell by another, the control of transcription and 
translation, and the fidelity of DNA replication.  

13Expressome (PDB)

yeast NPC : 
∼52 MDa complex
∼550 protein subunits of ∼30 different types

e.g., the Nuclear Pore Complex

DOI: 10.1126/science.abm9506



Why binding is that important ?
protein-protein interaction 

networks are even more complex

14

-Dots are proteins, edges represent interactions

You can imagine that such  extensive 
interaction networks are at least as 
complex for:  

•protein-dna interactions 

•protein-small molecule interactions  

•protein-lipid interactions as well 
have started to be recognised as 
very important   



Why binding is that important ?

A

B
C

D

For a qualitative description of the this submap its 
enough to know that A binds B,C and D somehow 

However, for a quantitative description it is essential 
to determine measurable quantities to these edges – 
i.e. binding affinities  

Measuring the concentration of the free and 
associated species at equilibrium, we can calculate 
the strength of the molecular interactions. 

?
?

?



Viewing Binding as a Chemical Reaction  

Last lecture we talked about equilibrium constants for chemical reactions, if in general we 
consider a protein as target P and a ligand L as the interacting molecule via non covalent 
interactions the general complex P•L can be considered the product of the following reaction: 

16

Some examples of important molecular recognition events: 



Thus we can define the binding fee energy for the association as: 

which is a measure of the affinity of the interaction, that is, how 
strongly the molecules bind to each other.  
 

Looking at the reaction mechanism
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Equilibrium constant: Because it is a binding 
reaction we call it  
association constant:

12.1 The affi nity of a protein for a ligand is characterized by 
the dissociation constant, KD

We begin our analysis of noncovalent complexes by restating some thermody-
namic relationships that are familiar to us from Chapter 10, but which we now 
place explicitly in the context of a ligand, L, binding noncovalently to a protein, P.

! e general binding equilibrium for the interaction of a protein, P, with a ligand, 
L, can be written as follows:

 (12.1)

In Equation 12.1, P•L represents the noncovalent protein–ligand complex. ! e 
equilibrium constant, K, for the reaction shown in Equation 12.1, is given by 
Equation 12.2 (see Equation 10.51):

(12.2)

In Equation 12.2, [P•L] is the concentration of the liganded protein, [P] is the 
concentration of the free protein, and [L] is the concentration of the free ligand. 
Because the binding reaction (Equation 12.1), as read from left to right, is in the 
direction of association, the equilibrium constant as de" ned in Equation 12.2 is 
referred to as the association constant, KA:

 (12.3)

! e standard free-energy change, ΔGo, for the binding reaction is given by Equa-
tion 12.4 (see Equation 10.52):

(12.4)

Recall that ΔGo is the change in free energy upon converting one mole of reactants 
into a stoichiometric equivalent of products (Figure 12.3). In this case, ΔGo is the 
change in free energy when 1 mole of protein binds to 1 mole of ligand under 

(A)

(B)

non-allosteric interaction

protein

ligand protein–ligand 
complex

ligand A ligand B

binary complex
(conformational change) ternary complex

allosteric interaction

allosteric
protein

P + L 1t-

P + LA + LB 1t-A + LB 1t-At-B

Figure 12.2 Allosteric and non-
allosteric binding interactions. 
(A) In a simple binding interaction, 
each encounter between the protein 
molecule and a ligand molecule 
is independent of other binding 
interactions. (B) An allosteric protein 
has more than one ligand binding 
site, and the binding of a ligand to 
one site infl uences the affi nity of the 
other site for its ligand. Allosteric 
binding sites are often symmetry 
related sites in oligomeric proteins. 
Allosteric interactions are discussed 
in Chapter 14.

P + L P L •

K
P L

P L
[ ]
[ ][ ]=

•

K
P L

P LA

[ ]
[ ][ ]=

•

G RT Klno
A=−∆
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Looking at the reaction mechanism
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Energetic Landscape of Binding  

Definition of Binding Affinity: 
- it refers to the strength of a molecular interaction 
- the greater the decrease in free energy upon binding the greater the affinity 



- There are entropic 
losses on binding which 
are not energetically 
favorable 

- Enthalpic gains on the 
interactions of the 
protein with the ligand  

- Entropic gains on the 
solvent  (ie hydrophobic 
effect) 

      thus overall ΔG < 0

Energetics of Binding 
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it is always true that entropy is lost upon binding of the small molecule, but 

ΔG = ΔH - TΔS



KD is a dimensionless quantity, but usually it is discussed as if it had molar units of 
concentration. KDs  that range from picomolar to nanomolar (10–12 -10–9 M, ~ -50 kJ/mol) are the 
tightest interactions, if in the order of millimolar (10–3 M, ~ -15 kJ/mol) they are the weakest.  

Looking at the reaction mechanism
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It is however common practice to characterize the affinity of 
a binding interaction in terms of the dissociation reaction, 
which is associated to the dissociation constant KD 

12.1 The affi nity of a protein for a ligand is characterized by 
the dissociation constant, KD

We begin our analysis of noncovalent complexes by restating some thermody-
namic relationships that are familiar to us from Chapter 10, but which we now 
place explicitly in the context of a ligand, L, binding noncovalently to a protein, P.

! e general binding equilibrium for the interaction of a protein, P, with a ligand, 
L, can be written as follows:

 (12.1)

In Equation 12.1, P•L represents the noncovalent protein–ligand complex. ! e 
equilibrium constant, K, for the reaction shown in Equation 12.1, is given by 
Equation 12.2 (see Equation 10.51):

(12.2)

In Equation 12.2, [P•L] is the concentration of the liganded protein, [P] is the 
concentration of the free protein, and [L] is the concentration of the free ligand. 
Because the binding reaction (Equation 12.1), as read from left to right, is in the 
direction of association, the equilibrium constant as de" ned in Equation 12.2 is 
referred to as the association constant, KA:

 (12.3)

! e standard free-energy change, ΔGo, for the binding reaction is given by Equa-
tion 12.4 (see Equation 10.52):

(12.4)

Recall that ΔGo is the change in free energy upon converting one mole of reactants 
into a stoichiometric equivalent of products (Figure 12.3). In this case, ΔGo is the 
change in free energy when 1 mole of protein binds to 1 mole of ligand under 

(A)

(B)

non-allosteric interaction

protein

ligand protein–ligand 
complex

ligand A ligand B

binary complex
(conformational change) ternary complex

allosteric interaction

allosteric
protein

P + L 1t-

P + LA + LB 1t-A + LB 1t-At-B

Figure 12.2 Allosteric and non-
allosteric binding interactions. 
(A) In a simple binding interaction, 
each encounter between the protein 
molecule and a ligand molecule 
is independent of other binding 
interactions. (B) An allosteric protein 
has more than one ligand binding 
site, and the binding of a ligand to 
one site infl uences the affi nity of the 
other site for its ligand. Allosteric 
binding sites are often symmetry 
related sites in oligomeric proteins. 
Allosteric interactions are discussed 
in Chapter 14.
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The trade-off between affinity and specificity is crucial in many biological processes

Looking at the reaction mechanism
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common practice to express KD in molar terms because 
concentration at standard conditions are kind of neglected 

Some examples and affinity ranges :

! e shape of the binding isotherm shown in Figure 12.4 is referred to as a rectan-
gular hyperbola, which is a curve traced out by a cone when it intersects a plane. 
! e binding isotherm for the simple equilibrium represented by Equation 12.1 is 
sometimes referred to as a hyperbolic binding isotherm.

12.3 The dissociation constant is a dimensionless number, 
but is commonly referred to in concentration units

! e dissociation constant, like all equilibrium constants, is a dimensionless 
number. ! is has to be true, as we can see by considering Equation 12.8:

Gbind
o∆  has units of energy (for example, kJ•mol–1), as does RT on the right-hand 

side of the equation. Hence, for the units to balance, KD must be a pure number. 
If KD is dimensionless, how is it that we equate KD with ligand concentration in 
Equation 12.12? ! e apparent discrepancy in the units of KD arises because we 
customarily omit the values of the standard state concentrations in the de" nition 
of the equilibrium constants (see Section 10.7). 

If we write out the complete expression for the dissociation constant, then we 
have the following expression (see Equation 10.54):

 (12.13)

where [P]°, [L]°, and [P•L]° are standard state concentrations and are numerically 
equal to 1 M, and are therefore usually not written out explicitly. 

We can rewrite equation 12.13 as:

(12.14)
where KD

* , a pseudo equilibrium constant, is given by :

(12.15)
KD

*  has units of concentration, and its value is equal to the ligand concentration 
at which the protein is half saturated. Because the value of the term P L

P L

o

o o

[ ]
[ ] [ ]

•⎛

⎝⎜
⎞

⎠⎟
in Equation 12.14 is 1.0, the numerical values of KD and KD

*  are the same, even 
though they have di# erent units. We use KD and KD

*  interchangeably in practice, 
and will often use molar units when referring to KD.

12.4 Dissociation constants are determined experimentally 
using binding assays

Dissociation constants are derived experimentally from binding isotherms, which 
rely on methods for measuring the amount of ligand bound to the protein. ! ere 
are many di# erent ways of making such a measurement, known as a binding 
assay. Exactly how a binding assay is carried out depends on the details of the 
interaction being monitored and the ingenuity of the biochemical investigator. 
Here we discuss an example in which radioactivity is used to monitor the amount 
of ligand bound to the receptor for the hormone estrogen (Figure 12.5).

Estrogen is a hormone in females, and its receptor is a site-speci" c DNA binding 
protein. ! e estrogen receptor belongs to a large family of closely related tran-
scription factors known as the nuclear or steroid hormone receptors. ! e estro-
gen receptor consists of two important domains, one that binds to the hormone 

Binding isotherm

A series of measurements of the 
extent of binding or the fractional 
saturation, f, as a function of ligand 
concentration is known as a binding 
isotherm. Such a measurement 
can be analyzed to yield the 
dissociation constant only if all of 
the measurements are made at the 
same temperature and, hence, the 
series of measurements is called an 
isotherm.

Hyperbolic binding 
curve or isotherm

The simple non-allosteric binding 
of a ligand to a protein results in 
a hyperbolic relationship between 
the fractional saturation, f, and the 
ligand concentration [L]. Because of 
this relationship, a simple ligand-
binding equilibrium is referred to 
as hyperbolic binding. Deviation 
from the hyperbolic shape of the 
binding curve is evidence for more 
complicated phenomena, such as 
allostery or multiple binding sites 
with different affi nities. 
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Affinity vs. specificity 
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Affinity of an interaction defines its strength (ie KD). 
But affinity alone is most of the times not sufficient as if you bind with high 
affinity to multiple targets then you will engage with targets that are not specific 
for a given biological function (ie off-target binding)  

Specificity thus is the affinity of the ligand for one and only one specific target 
of interest  

582     CHAPTER 13:  Specifi city of Macromolecular Recognition

mathematically below. For many interactions in cells, the a!  nity of a ligand for 
one particular receptor is higher than for binding to other receptors (that is, func-
tionally important binding usually has high speci! city). " e examples shown in 
Figure 13.1 are interactions with high speci! city.

13.2 Proteins often have to choose between several closely 
related targets

" e speci! city of the interaction between a protein and its receptor is particularly 
important when the protein has to choose between many closely related targets 
in the cell. " is is very common during cell signaling, when protein hormones can 
activate multiple receptors, leading to di# erent outputs from each receptor. One 
such example is provided by a family of protein hormones known as the ! broblast 
growth factors (FGFs) and their receptors. " e FGFs constitute a family of closely 
related proteins that control processes such as the growth of new blood vessels, 
wound healing, and embryonic development (Figure 13.2). " e primary targets 
of these hormones are the ! broblast growth factor receptors (FGFRs), as shown in 
Figure 13.3. " e FGF receptors are transmembrane tyrosine kinases with general 
similarity to the epidermal growth factor receptor that was described in Chapter 
12 (see Figure 12.15). 

hormone

QSPUFJOtQSPUFJO

QSPUFJOt3/"

cell surface
signaling receptor

3/"

3/"�CJOEJOH
protein

3/"tQSPUFJO
complex

IPSNPOFtSFDFQUPS
complex

%/"
transcription 
factor

%/"tUSBOTDSJQUJPO�
factor complex

QSPUFJOt%/"

Figure 13.1 Molecular recognition. 
Examples of the three kinds of 
macromolecular interactions 
discussed in this chapter. 
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Specificity is mainly achieved by polar, 
directional interactions (eg H-bonds). 
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Affinity of an interaction defines its strength (ie KD). 
Specificity is the affinity of the ligand for one and only one specific target of interest  

! ere are 18 known FGFs in humans, which are related in sequence and structure 
(some of these are shown schematically in Figure 13.2). ! ere are four genes for 
FGF receptors in humans, but the resulting mRNA can be spliced alternatively, 
giving three more variants. In principle, any FGF can bind to any FGF receptor, so 
there are 126 possible FGF–FGFR combinations. 

In order for this signaling system to have the required selective responses to FGF 
signals, a few of the interactions are strong (corresponding to the primary signal-
ing pathways), while many others are very weak, as indicated in Figure 13.4. A 
given tissue may express only one or two of the receptors, and the binding a"  n-
ity may be modi# ed by glycosylation of the receptor (see Section 3.11), as well as 
binding to heparin sulfate on cell surfaces.

FGF1 FGF2 FGF4 FGF7

FGF9 FGF10 FGF12b FGF19

FGF

outside

inside

extracellular
ligand-binding

domains

cytoplasmic
kinase domain

active
FGF receptors

inactive
FGF receptors

Figure 13.2 Fibroblast growth 
factors. The structures of eight related 
mammalian fi broblast growth factors 
(FGFs) are shown. They share the 
same core fold, with some differences 
in peripheral structures. The chains 
are shaded in the color of the rainbow, 
from N-terminus to C-terminus. 
(Adapted from M. Mohammadi, S.K. 
Olsen, and O.A. Ibrahimi, Cytokine 
Growth Factor Rev. 16: 107–137, 2005; 
PDB codes: 1RG8, 1CVS, 1IJT, 1IHK, 
1QQK, 1NUN, 1Q1U, and 2P23.)

Figure 13.3 Interaction between fi broblast growth factor (FGF) and its receptor. FGF binding displaces an autoinhibition 
domain in the receptor, which blocks dimerization in the absence of FGF. The kinase domains then phosphorylate each other, which 
activates the receptor. To the right, the crystal structure of the complex of FGF1 with two domains of the FGF1 receptor is shown. 
Not shown in this diagram is heparin, a sulfated glycan that promotes receptor dimerization by bridging two FGF molecules. 
(PDB code: 1DJS.)
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Interaction between fibroblast growth factor (FGF) and its receptor 

584     CHAPTER 13:  Specifi city of Macromolecular Recognition

To understand the speci! city of FGF signaling, it is necessary to understand how 
the occupancies of the various receptors change in response to altered levels of 
FGFs. We will return to a quantitative analysis of the FGF system after ! rst de! n-
ing more precisely what we mean by speci! city.

13.3 Specifi city is defi ned in terms of ratios of dissociation 
constants

In Section 12.10 we discussed the idea that substantial binding of a ligand to a 
receptor occurs when the concentration of the ligand exceeds the value of the 
dissociation constant. For the binding to be speci! c, two conditions must be 
satis! ed. First, the dissociation constant for the primary target receptor (we will 
denote this receptor by R0) must be smaller than the ligand concentration. Sec-
ond, the dissociation constants for secondary or o" -target receptors, denoted by 
Ri , must be larger than the ligand concentration. We use this idea to come up with 
a numerical value for the speci! city of binding.

# e binding equilibrium between the ligand and the primary receptor, R0, is given 
by Equation 13.1:

(13.1)

# e strength of this interaction is characterized by the dissociation constant, KD, R0
:

 (13.2)

Suppose that the ligand can bind to a set of N secondary receptors, Ri , in addition 
to the primary one. Each of these interactions is governed by a binding equilib-
rium:

(13.3)
# e dissociation constant for each of these binding equilibria is given by: 

 (13.4)
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Figure 13.4 Schematic 
representation of some FGF–FGFR 
interactions. Each color refl ects a 
different receptor, and the intensity 
of the line from each FGF refl ects 
the affi nity (relative to the tightest 
interaction for each). Missing lines 
correspond to interactions with very 
low affi nity. 
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 How to determine KD
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The value of KD corresponds to the concentration of free ligand at 
which protein is half saturated 

Let’s see why this is true: 
we call ƒ the fractional saturation 
or fractional occupancy of the ligand 
binding sites 

which is the extent to which 
the  binding sites on a protein 
are filled with ligand 



25

Recalling that :

 How to determine KD

Let’s see how this is true: 
we call ƒ the fractional saturation 
or fractional occupancy of the ligand 
binding sites 
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12.2 The value of KD corresponds to the concentration of free 
ligand at which the protein is half saturated

! e reason that the dissociation constant, KD, is more commonly referred to than 
the association constant, KA, is that the value of KD is equal in magnitude to the 
concentration of free ligand at which half the protein molecules are bound to lig-
and (and half are unliganded) at equilibrium (Figure 12.4). ! e value of KD is 
therefore determined readily if we have some way of measuring the fraction of 
protein molecules that are bound to ligand. 

It is straightforward to see why the value of KD corresponds to the ligand concen-
tration at which the protein is half saturated. Let us de" ne a parameter, f, which is 
the fractional saturation or fractional occupancy of the ligand binding sites in 
the protein molecules. If we assume that each protein molecule can bind to one 
ligand molecule, then f is the ratio of the number of protein molecules that have 
ligand bound to them to the total number of protein molecules (see Figure 12.4). 
In terms of concentrations, f can be expressed as:

 (12.9)

Using Equation 12.7, we can relate [P•L] to the dissociation constant as follows:

 (12.10)

Substituting the expression for [P•L] from Equation 12.10 into Equation 12.9, we 
get:

 (12.11)

By using Equation 12.11, we can calculate the value of the fractional saturation, f, 
when the ligand concentration is equal in magnitude to the value of the dissocia-
tion constant. ! at is, if

Table 12.1 Typical strengths of different kinds of interactions.

Type of interaction KD (molar)
(kJ•mol–1)

Enzyme–ATP ~1 × 10−3 to ~1 × 10−6 
(millimolar to micromolar)

−17 to −35 

Signaling protein binding to a target ~1 × 10−6 (micromolar) –35

Sequence-specifi c recognition of 
DNA by a transcription factor

~1 × 10−9 (nanomolar) –52

Small molecule inhibitors of 
proteins (drugs)

~1 × 10−9 to ~1 × 10−12 
(nanomolar to picomolar)

−52 to −69

Biotin binding to avidin protein (one 
of the strongest known noncovalent 
interactions)

 ~1 × 10−15 (femtomolar) –86

Fractional saturation, f

The fractional saturation is the 
extent to which the binding sites 
on a protein are fi lled with ligand. 
For a protein with a single ligand 
binding site, the value of f is given 
by the ratio of the concentration 
of the protein with ligand bound to 
the total protein concentration. The 
fractional saturation is an important 
parameter, because experimentally 
measurable responses to ligand 
binding usually depend directly on 
the fractional saturation.

concentration of protein with ligand bound
total protein concentration
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(rectangular hyperbolic function)



Therefore, a plot of fractional saturation as function of ligand concentration is known 
as a binding isotherm or binding curve. The KD value depends on the temperature. 
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When 
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Binding assays

28

the unbound ligand. ! e pelleted resin with the protein is transferred to a vial, and 
the total amount of radioactivity in it is estimated by using a liquid scintillation 
counter. Another common way to separate the bound ligand from the free ligand 
is to pass the solution through a " lter that allows the solution to # ow through but 

Figure 12.6 Binding isotherm for 
estrogen binding to its receptor. 
(A) In the particular assay shown here, 
the solution of estrogen contains 
a known fraction of radioactively 
labeled estrogen. Separation of the 
receptor–estrogen complex from 
unbound estrogen makes it possible 
to determine the bound ligand 
concentration ([P•L]) by measuring 
the radioactivity. (B) The binding 
isotherm, generated by plotting [P•L] 
as a function of [L], reaches a plateau 
value, for which f = 1.0. The value of 
the dissociation constant, KD, is given 
by the ligand concentration at the 
half-maximal value of f, the fractional 
saturation. (C) The chemical structure 
of 17-β estradiol, the particular 
estrogen used in this experiment. 
Sites where hydrogen is replaced by 
tritium (3H) are indicated by asterisks. 
(B, adapted from D.N. Petersen et al., 
and T.A. Brown, Endocrinology 139: 
1082–1092, 1998. With permission 
from The Endocrine Society.)

THERMODYNAMICS OF MOLECULAR INTERACTIONS      539

0 20 40 60 80
0

100

200

300

concentration of free ligand,
[L] in nM (10–9 M)

co
nc

en
tr

at
io

n 
of

 e
st

ro
ge

n 
bo

un
d

to
  r

ec
ep

to
r i

n 
pM

 (1
0–

12
 M

)

saturating concentration
of bound ligand

concentration of bound ligand
at 50% saturation

value of the dissociation constant,
 KD ~ 5 nM

solution of
estrogen
receptor

solution of 
estrogen
spiked with 
radioactivity,
at a specific
concentration [L]

resin that 
binds
receptor 
protein

unbound
estrogen

all receptor
proteins are at

bottom of tube,
bound to resin

centrifuge to
pellet resin

– discard supernatant

– measure radioactivity

– calculate concentration
   of bound estrogen <1t-]

(A)

(B)

H*

HO

H*

OH

H*

(C)
tritiated estrogen

H*
H*

H*

f = 0.5

f = 1.0

the unbound ligand. ! e pelleted resin with the protein is transferred to a vial, and 
the total amount of radioactivity in it is estimated by using a liquid scintillation 
counter. Another common way to separate the bound ligand from the free ligand 
is to pass the solution through a " lter that allows the solution to # ow through but 

Figure 12.6 Binding isotherm for 
estrogen binding to its receptor. 
(A) In the particular assay shown here, 
the solution of estrogen contains 
a known fraction of radioactively 
labeled estrogen. Separation of the 
receptor–estrogen complex from 
unbound estrogen makes it possible 
to determine the bound ligand 
concentration ([P•L]) by measuring 
the radioactivity. (B) The binding 
isotherm, generated by plotting [P•L] 
as a function of [L], reaches a plateau 
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saturation. (C) The chemical structure 
of 17-β estradiol, the particular 
estrogen used in this experiment. 
Sites where hydrogen is replaced by 
tritium (3H) are indicated by asterisks. 
(B, adapted from D.N. Petersen et al., 
and T.A. Brown, Endocrinology 139: 
1082–1092, 1998. With permission 
from The Endocrine Society.)
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In all cases to estimate dissociation constants we need to come up with some experimental procedure able to 
measure the amount of ligands bound to a protein. These are called binding assays - there are many ways to 
develop a binding assay based on many different techniques and properties of the ligand or proteins. Here is an 
example based on radioactivity applied to steroid hormone receptors 

we use a radioactively  
labelled ligand

[P●L] is then plotted for various  
concentration of L and curve 
fitted to calculate KD 



Note: we usually assume that the amount of bound ligand is very small compared to 
the total amount of ligand available, thus we usually use the free ligand 
concentration and the total ligand concentration interchangeably 

if                                     then   

Binding curves shown in different ways 

29

When then the log is 0 and the intercept of the line on 
the horizontal axis is equal to the log of KD 
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Using Equations 12.11 and 12.16, we can calculate the ratio of the fraction of pro-
tein that is bound to the fraction that is unbound:

 (12.17)

Taking the logarithm of both sides of Equation 12.17, we get:

(12.18)

As shown in Figure 12.8B, graphing the value of log
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 is zero. ! e intercept of the line on the horizontal axis is therefore

equal to log KD.

A logarithmic graph such as the one shown in Figure 12.8B is a convenient way 
of checking the assumption that the protein binds to the ligand in a simple way, 
as described by Equation 12.1. As we shall see in Chapter 14, if the actual binding 
isotherm is not linear, or has a slope that is not unity, then this could be an indica-
tion that the actual binding process is more complex, and might include factors 
such as allostery.

! e slope of the binding isotherm and the value of its intercept on the horizon-
tal axis can be di"  cult to determine accurately if the binding data have errors in 
them. Values of the fractional saturation determined at low ligand concentration 
are particularly error prone, because the detection signal (for example, # uores-
cence or radioactivity) is correspondingly weak at low ligand concentration. Care 
must therefore be taken to ensure that errors associated with very weak signals do 
not unduly bias the analysis of the binding isotherm.

12.6 When the ligand is in great excess over the protein, the 
free ligand concentration, [L], is essentially equal to the 
total ligand concentration

In Figure 12.8, the critical parameter is the free ligand concentration, [L]—that is, 
the concentration of the ligand that is not bound to the protein. In most situations 
we are more concerned with the total ligand concentration, [L]total, because this is 
something we know directly from the total amount of ligand added to the system 
under study. For example, if a patient takes a pill that contains 500 mg of a drug, 
the total concentration of the drug in the blood can be estimated by knowing the 
volume of blood in a typical human body (~5 liters). ! e free ligand concentra-
tion, [L], is a di$ erent matter, and can only be determined, in principle, by making 
a measurement.

In many biochemical applications, including the study of drug binding, a sim-
pli% cation occurs because the number (or concentration) of protein molecules 
is usually very small compared to that of the drug (Figure 12.9). ! e maximum 
concentration of bound ligand, [L]bound, is therefore very small compared to the 
total ligand concentration, [L]total, if protein concentration is very low compared 
to total ligand concentration:

 (12.19)

Because the total ligand concentration is the sum of the free ligand concentra-
tion, [L], and the bound ligand concentration, [L]bound, it follows that the free 
ligand concentration is essentially the same as the total ligand concentration when 
[L]bound << [L]total:

(12.20)
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Saturable binding is the hallmark of specific binding interactions, ie a simple binding 
mode with one protein associated with one ligand, one binding pocket at the time  

The KD defines the ligand concentration range over which the protein switches from 
unbound to bound - using the universal binding curve is a handy way to characterise 
binding because the ligand concentration is expressed in terms of dissociation 
constant (ie it is a universal curve).  

Universal Binding Isotherm

30



31

A common question in biochemistry and pharmacology is how 
much of a protein is bound to a ligand.

For a concentration where the free ligand is 10 times the value of 
KD , the target is almost completely occupied (at 91%), in fact: 

Universal Binding Isotherm
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A common question in biochemistry and pharmacology is how 
much of a protein is bound to a ligand

For a concentration where the free ligand is 0.1 times the 
value of KD, the target is occupied only at 9%

Universal Binding Isotherm



Thinking again about specificity !

33

If you have this situation in which you have 
to develop a drug for a given target A, which 
should also be selective, ie it does not bind a 
second target B.  

What would the optimal KDs be in relative 
terms to achieve this goal? 

548     CHAPTER 12:  Molecular Recognition: The Thermodynamics of Binding

12.20 holds true). At this concentration of the drug, the value of 
K
[L]

D

 for protein B

is 
0.1 10 M
1 10 M

6

5

×
×

−

− , which is 0.01. From the universal binding curve (see Figure 12.11),

we can see that if the value of 
K
[L]

D

 is 0.01, then the value of f is very small. ! us, 

if the drug is delivered at a concentration of 0.1 μM, then we expect protein B to 
be essentially una# ected (Figure 12.12). ! us, one way to avoid unwanted side 
e# ects in the action of a drug is to make its interaction with its desired target pro-
tein as tight as possible (that is, the dissociation constant should be as low as pos-
sible). 

12.11 The dissociation constant for a physiological ligand is 
usually close to the natural concentration of the ligand

! e fact that proteins switch from being empty to fully bound when the ligand 
concentration is close to the value of the dissociation constant has implications 
for the way in which evolution “tunes” the strength of the interaction between a 
protein and its natural ligands. In most cases, the dissociation constant for a natu-
ral binding interaction is lower by no more than a factor of 10–100 than the physi-
ological concentration of the ligand. For example, the concentration of ATP in 
the cell is approximately 1 mM (10–3 M). Later in the chapter we discuss enzymes 
known as protein kinases, which bind to ATP and transfer the terminal phosphate 
group to the sidechains of proteins. ! e dissociation constant of ATP for protein 
kinases is typically ~10 ȝM (10–5 M)—that is, approximately one-hundredth that 
of the physiological ATP concentration. Certain motor proteins known as kines-
ins, which utilize ATP as a fuel to power the movement of organelles and other 
objects inside the cell, also bind to ATP with a similar dissociation constant, even 
though kinesins are completely unrelated to the protein kinases in terms of struc-
ture and mechanism.

It is easy to understand why the dissociation constant of a protein for its natural 
ligand is relatively close to the physiological concentration of the ligand. Suppose 
that a protein accumulates mutations that lead to an increased a$  nity for the 
ligand, such that the dissociation constant is much smaller than the natural 

concentration of the ligand.   If a value of 
K
[L]

D

 = 100 is reached, then the saturation (f )

is given by (see Equation 12.11):

At this point the protein is essentially saturated, and further increases in a$  nity 
will not lead to any appreciable increases in ligand binding to the protein. As a 
consequence, mutations that do lead to higher a$  nity will not have an evolution-
ary advantage, and will likely disappear due to evolutionary drift. Furthermore, if 
the dissociation constant becomes too small, the protein would always have lig-
and bound. Signaling systems in cells use ligand binding to proteins as a way to 
turn proteins on and o# , and always having the ligand bound would prevent nor-
mal “on”–“o# ” signaling in such systems. Even if the ligand concentration drops 
to very low levels, the tighter binding may make the rate of dissociation of the 
ligand very slow (see Chapter 15), which may interfere with function. 

Mutations that weaken the binding, so that the value of KD increases much beyond 
the physiological level of the ligand, will result in a failure of the protein to bind 
to the ligand. Because of the loss of function, such mutations will also be selected 
against.

(A)

(B)

desired
target

drug

KD = 10–9 M

nonspecific
target

KD = 10–5 M

drug

drug concentration = 0.1 �M

Figure 12.12 Affi nity and specifi city 
in drug binding. (A) A drug binds 
tightly to a desired protein and weakly 
to an undesired target. (B) The drug 
is delivered at a concentration that is 
much below the value of KD for the 
undesired target. Very little binding to 
the undesired target occurs. Binding to 
the desired target is maintained if the 
concentration is above the value of KD 
for that target. 

Evolutionary relationship 
between dissociation 
constants and physiological 
concentrations of ligands

The dissociation constant of a 
protein for a naturally occurring 
ligand is usually close to the 
physiological concentration of the 
ligand. Much tighter interactions 
are unnecessary, because the 
protein is 99% saturated when 
the ligand concentration is 100 
times greater than the dissociation 
constant.
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Let’s make use of the universal binding curveA

B

If the drug is delivered at a 100 nM 
concentration, can you achieve a proper 
selectivity?



Energetics of drug binding 

34

Very similar principles to the folding reaction

• Enthalpic gains on the interactions of the protein with the 
ligand come mostly from H-bonds - this contribution is 
not very large 

• Entropic gain in free energy due to the solvent (ie 
hydrophobic effect) is instead quite significant  

• As a consequence an optimal drug should maximise 
hydrophobic features 

• In practice, drugs cannot be only hydrophobic as they will 
be insoluble, complicating adsorption and administration  

• Also hydrophobic interactions tend to be not specific, while 
polar are more specific  

• Thus in the development of a drug one needs to find the 
best compromise between polar and hydrophobic 
interactions



35
by Daniel Koshland in 1958. In this model, the binding site is considered to have 
some plasticity, allowing it to change somewhat to accommodate binding of the 
ligand or substrate, like a hand ! tting into a stretchy glove (Figure 12.21B). We 
now know that proteins are quite " exible (recall the discussion in Section 5.25), 
and can undergo conformational changes upon binding of ligands. # is greatly 
complicates the process of computational inhibitor design because the inhibitor 
may bind to a conformation of the protein that is di$ erent from the one that binds 
to the natural ligand (Figure 12.21C). It is di%  cult to predict such conformational 
changes and, hence, to evaluate whether a potential ligand ! ts well to the target. 

12.16 Induced-fi t binding occurs through selection by the 
ligand of one among many preexisting conformations 
of the protein

When we look at the illustrations of protein structures in this book we “see” one 
conformation. # is conformation is often the one with the lowest free energy, 
under the conditions of the experimental structure determination. It is important 
to recognize, however, that there are many other conformations that are not too 
much higher in free energy. Such states will be populated according to equilib-
rium constants determined by their free energies, following the ideas developed 
in Chapters 9 and 10. As we discuss in Chapter 18, most proteins are only margin-
ally stable, and so the unfolded conformation is always populated to some extent. 
In addition, there are many folded conformations that di$ er to varying degrees 
from the one with lowest free energy.

# e term “induced ! t” implies that the conformational change is induced by the 
binding of the ligand and would not occur in the absence of ligand. But, in reality, 

protein

natural
ligand

(C)

protein

(B)

protein lock-and-key bindingligand

induced-fit bindingligand

(A)

inhibitor

induced-fit binding
of an inhibitor

Figure 12.21 Lock-and-key versus 
induced-fi t interactions. (A) In a 
lock-and-key interaction, the protein 
binds to the ligand without undergoing 
conformational changes. Only ligands 
with the proper shape can bind to 
the protein. (B) In an induced-fi t 
interaction, the protein changes its 
shape in order to bind the ligand. 
(C) Fluctuations in the structure of 
a protein allow inhibitors to trap the 
protein in a conformation that may not 
normally be populated signifi cantly. 
In this example of induced-fi t binding, 
the shape of the protein when bound 
to the natural ligand is different from 
its shape when bound to the inhibitor. 
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the free energy of the induced conformation must not be too high, or the binding 
of the ligand would be weakened (this idea will be made quantitative in Section 
12.18). It is now believed that induced-! t binding involves the binding of the lig-
and to conformations of the protein that are populated, although at a low level, 
even in the absence of ligand (Figure 12.22). " is is referred to as conformational 
selection by the ligand. Regardless of the precise term used, the idea of an adap-
tive ! t during complex formation is very important, not just for the recognition 
of small-molecule ligands, but also for the interactions between macromolecules 
(see Chapter 13). 

An example in which the requirement for conformational change becomes obvi-
ous is the interaction of ATP with the EGF receptor. Looking at a space-! lling 
model, shown in Figure 12.23, the ATP is so deeply buried in the enzyme that it is 
not easy to see how it could enter or exit the site without a conformational change 
of the kinase domain. It is found experimentally, however, that ATP binds and 
dissociates very rapidly, many times per second. " is occurs through movements 
of the lobes of the kinase domain, opening with respect to each other. Binding of 
other molecules, such as inhibitors, also occurs through such states, as discussed 
in the next section.

(A)
lock-and-key binding

(B)
binding through conformational selection

#t-

B3t-

B

B
unfolded

unfolded

folded

conformational coordinate conformational coordinate

absence of ligand

folded
G G

-

A

A

A

B1

B1

B2 B3

A B2 B3 . . .

presence of ligand

absence of ligand

presence
of ligand

Figure 12.22 Ligand binding through conformational selection. (A) In the lock-and-key model for 
ligand binding, it is assumed that there is only one folded conformation, denoted B, that binds to the 
ligand. Ligand binding stabilizes B relative to the unfolded conformation, denoted A. (B) The modern view 
of induced-fi t binding takes into account the fl exibility of proteins, and the existence of many folded 
conformations that are slightly different (denoted B1, B2, B3, ...). The ligand binds preferentially to one 
of them (B3 in this example) and stabilizes it. In this view, although the B3 conformation may not be 
predominant in the empty protein, it is populated to some extent even in the absence of ligand.
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Conformational changes and binding 
• first it was thought that binding happened via a lock-and-key mechanism, in a pretty rigid way that did not consider the 

conformational changes of the ligand and the target 
• thus the concept of induced fit was developed to take this into account - considering the plasticity of the system, protein 

are very flexible and dynamic 
• induced fit implies that the conformation change is induced by the ligand, but the different binding states could exist also 

without the ligand, and when the ligand is present the preferred conformation its selected - this is called conformational 
selection mechanism 

conformational  
selection

different populations

induced fit

lock-and-key (outdated)



Drug Binding by Proteins 
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One of  the main criteria that drives drug development (DD)  
processes is the binding affinity of the drug to a protein 

Generally it starts that have low affinity (ie lead compounds), 
which will then improved by the lead optimisation process  

Let’s look at the example of kinases – key enzymes in 
signalling and involved in a number of diseases such as 
cancer  

Kinases natively bind ATP and transfer  
one phosphate group to Ser, Thr or Tyr 
of protein substrates 
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Structural information does help DD 

If we look at the active site interactions they  
can help us to rationally design drug compounds  

For example the malfunctioning of the tyrosine-protein kinase 
Abl causes chronic myelogenous leukemia. Inhibitor of Abl 
known as imatinib (marketed as Gleevec) blocks the action of 
Abl and is an effective treatment for the leukemia. 

How and where to start  
with the DD process?  
 

Drug Binding by Proteins 



The Drug Development Process

38

Lead optimization 

We can see in this 
example how different 
changes in the structure 
of the small molecule 
change binding affinities, 
to reach up to ~10 nM
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Imatinib is a competitive inhibitor -  its mode of function is 
based on displacing a naturally occurring ligand 

A common strategy for most small molecule drugs 

The Drug Development Process



Often inhibitor activities are expressed in IC50s 

IC50 is the concentration of the inhibitor that reduce  the 
activity of a protein to the half maximal value   

So rather than a strict measurement of affinity one actually 
obtains a measure of the impact in the activity of the protein 

Competitive Inhibitors

40

The affinity of a competitive inhibitor for a protein is reduced 
by the presence of the natural ligand. 
An example with kinases and competitive binding :



Competitive Inhibitors
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How do we relate IC50s  value with KDs?

Competitor 
(e.g. ATP)

The full development of the equation is presented in the Molecules of Life 

A few important points considering for the 
example of a kinase : 

- If [ATP] (ie [L]) = 0 then KI = IC50 

- To measure concentration of ATP and KD is 
required (usually around ~1 mM and 10 µM) 

- KI needs to take into account the KD and the 
concentration of the competitor  



Drug Development

42

Imatinib is a competitive inhibitor -  its mode of function is 
based on displacing a naturally occurring ligand 

A common strategy for most small molecule drugs 

Another example: 



Small molecules drugs 

Prozac 
(antidepressant)

Abilify
(antipsychotic)

Cymbalta
(pain and anxiety)

Etoposide
(cancer)

Gleevec
(cancer) Ibuprofen

(inflammation)

Lipitor
(Cholesterol)

Nexium
(gastric acid)

Plavix
(antiplatelet agent)



Sequence of steps
Drug Discovery & Development

Target  
Discovery

Drug  
Candidate

Hit 
 Identification Hit-to-Lead

Lead 
Optimization

Preclinical 
Development

Phase I Phase II Phase III FDA review  
and approval Market

Drug  
Candidate

CLINICAL TRIALS

Best leads are optimized in terms of their drug-likeness: 
Improved affinity is coupled with a promising pharmacokinetic (PK) profile. 

PK includes ADMET characterization: 

Absorption (e.g., bioavailability, F) 
Distribution (e.g., binding to serum proteins) 
Metabolism (metabolites, e.g., cytochrome P450) 
Excretion (kidneys system) 
Toxicity (e.g., Affinity towards h-ERG)



Average time requested for it

Time  
zero 1.5 1.5 1  

(~6 years for discovery)
2

Target  
Discovery

Drug  
Candidate

Hit 
 Identification Hit-to-Lead

Lead 
Optimization

Preclinical 
Development

Phase I

IND

Phase II Phase III FDA review  
and approval

NDA

Market
Drug  

Candidate

CLINICAL TRIALS

1.5 2.5 2.5
 (~7.5 years for development)

 Total time (on average) = ~13.5 years 

1

Drug Discovery & Development

IND: Investigational New Drug application 
NDA: Submission of New Drug Application 



Average cost requested for it

Target  
Discovery

Drug  
Candidate

Hit 
 Identification Hit-to-Lead

Lead 
Optimization

Preclinical 
Development

Phase I

IND

Phase II Phase III FDA review  
and approval

NDA

Drug  
Candidate

CLINICAL TRIALS

Source: How to improve R&D productivity: the pharmaceutical industry’s grand challenge  
Steven M. Paul, Nat. Review Drug Discovery March Vol. 9 2010

Market

 (~820 $ Million for discovery)

 (~960 $ Million for development)

 Total cost on average = ~1.78 $ Billion for one NME

Drug Discovery & Development

NME: new molecular entity  



Drug Discovery & Development

Source:  
Asher Mullard,  
Nature Reviews Drug Discovery, February  (2021)

FDA approvals in 2020 
53 New Drugs Approved



Drug Discovery & Development
Approval by therapeutic area 2020 

Source:  
Asher Mullard,  
Nature Reviews Drug Discovery, February  (2021)



What to know ...

49

•The affinity of a protein for a ligand is characterized by the dissociation constant KD  

•The value of the KD for a binding interaction is the ligand concentration at which half the receptors 
are bound to ligand 

•The value of the KD determines the concentration range of the ligand over which the receptor 
switches from unbound to bound  

•The  KD for a physiological ligand is usually close to the natural concentration of the ligand, this is 
the result of evolution 

•Key formulas :



Krapp et al. Nat Comms 2023

Input   
→ Geometry 
→ Atom element

Output 
→ Translation invariant 
→ Rotation equivariant 
→ Interaction order invariant
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nn nearest  
neighbours 

PeSTo: Protein Structure Transformer

 r ~3.4 Å

 r ~ 8.2 Å

Bonus Slides 
We will see that machine learning models are impacting biology in many different ways (Lecture 12)   
here is an example developed in my lab for predicting molecular binding interfaces  



@ http://pesto.epfl.ch

http://pesto.epfl.ch


Streptogrisin B with ovomucoid - unbound 
conformation (0.93 Å RMSD) with a ROC 
AUC of 96%

PeSTo for protein-protein interfaces prediction 



nucleic acid & ion interface

ColE7 endonuclease domain 

Extending prediction to other interacting interfaces  

Lipid interface

nuclear receptor Steroidogenic Factor-1 (SF-1)



Proteome-wide interface prediction - interfaceome 

correlation with protein function and features 

Human proteome prediction using the AF-EBI database  

correlation with protein 
mutations

interface cross-talk
(only high-quality models, 7464 of 20504)


