
Protein-ligand interactions



BIOMOLECULAR INTERACTIONS

L’espressione e la regolazione delle componenti di una cellula e l’organizzazione dei 
pathways che sono alla base della sua funzionalità vengono controllati da una 

complessa rete di interazioni tra biomolecole

Protein-protein human network

…quanto complessa??

• Sistemi in vitro:
- in soluzione
- in superficie



A binding site is a cavity made by aminoacids from different portions of the chain.
Separated regions provide binding sites for different ligands, allowing for protein 
activity being regulated.

Selectivity depends on the set of non-covalent bonds (additive!!!) and the 
favorable  hybdrophobic interactions that can form simultaneoulsly

Molecular recognition



Highest affinity macromolecules: Antibodies

Two equivalent binding sites for the antigen, one per each arm



Molecular recognition refers to the process in which biological macromolecules 
interact with each other or with various small molecules through noncovalent 
interactions to form a specific complex. Characteristics:

(i) Specificity.  which distinguishes the highly specific binding partner from less 
specific partners; 

(ii) Affinity. high concentration of weakly interacting partners cannot replace the 
effect of a low concentration of the specific partner interacting with high 

affinity

Molecular recognition



Molecules in the cell are in a very crowded environment, in continual random thermal 
movements: rapid “faint” associations and dissociation between molecules are made.

Molecular recognition



An actin molecule needs only to associate with other 
actin molecules to form a filament. 

For enzymes, ligand binding is only a necessary first step 
in their function. 
Enzymes cause the chemical transformations that make 
and break covalent bonds in cells. They bind to one or 
more ligands, called substrates, and convert them into 
one or more chemically modified products, doing this 
over and over again with amazing rapidity.

An examples: enzymes

Enzymes speed up reactions, often by a 
factor of a million or more, without 
themselves being changed—that is, 
they act as catalysts that permit cells to 
make or break covalent bonds in a 
controlled way.
Catalysis of organized sets of chemical 
reactions by enzymes creates and 
maintains the cell, making life.



Other examples: enzymes



Equilibrium constant

Protein–Ligand Binding Kinetics

describes the process underlying the association between the protein and ligand, 
particularly focusing on the rate at which these two partners bind to each other

kon and koff are the kinetic rate constants



Protein–Ligand Binding Kinetics

At the equilibrium, the two reactions balance

[..] is the equilibrium concentration

We define the binding constant Kb (M-1) and the dissociation constant Kd (M) as:

Therefore, the fast binding rate accompanied by a slow dissociation rate will give 
a high/low binding/dissociation constant and, hence, a high binding affinity.

Equilibrium constant



Equilibrium constant

Conveniently we define the 
EQUILIBRIUM CONSTANT K (also 
known as association constant or 
binding constant) as a measure of 
the strength of the binding.
Half of the binding sites will be 
occupied by ligand when the ligand’s 
concentration (in moles/liter) 
reaches a value that is equal to 1/K

kon describes how many productive collisions occur per  unit time per protein at a 
given concentration
koff can differ by orders of magnitude (even for different DNA sequences) because it 
depends on the strength of the noncovalent bonds formed between A and B



Equilibrium constant

K is sometimes called the 
association constant, Ka. The 
larger this  constant K, the 
stronger the interaction 
between A and pX

kon describes how many 
productive collisions occur 
per  unit time per protein at a 
given concentration

koff can differ by orders of 
magnitude (even for different 
DNA sequences) because it 
depends on the strength of 
the noncovalent bonds 
formed between A and B



Transient behavior

The rate of change in the concentration of a species X is given 
by the balance of the rate of its appearance with that of 
disappearance



Transient behavior



Transient behavior



Transient behavior



Steady state enzyme kinetics



Basic Concepts and Thermodynamic Relationships

Enzyme can process 1000 mol. per second. Meaning they bind a new substrate in a 
fraction of a milliseconds. 
But enzymes and their substrates are present  in relatively small numbers in a cell. 
How do they find each other so fast? 
Rapid  binding is possible because the motions caused by heat energy are 
enormously  fast at the molecular level, generating:

(1) the movement of a molecule from one place to another (translational motion)
(2) the rapid back-and-forth movement of covalently linked atoms  with respect to 

one another (vibrations) 
(3) rotations. 

All of these motions  help to bring the surfaces of interacting molecules together.  
The rates of molecular motions can be measured by a variety of spectroscopic 
techniques.

Alberts, Bruce; Johnson, Alexander; Lewis, Julian; Morgan, David; Raff, Martin; Roberts, Keith; 
Walter, Peter. Molecular Biology of the Cell (Page 59). Garland Science. Kindle Edition. 



Basic Concepts and Thermodynamic Relationships

A large globular protein is constantly tumbling, rotating about its axis about a million 
times per second. 
Molecules are also in constant translational motion, which causes them to explore 
the space inside the cell very efficiently by wandering through it—a process called 
diffusion. A small organic molecule, for example, takes only about one-fifth of a 
second on average to diffuse a distance of 10 μm, or the whole cell!

Diffusion with great heat exchange generates a 
molecule random walk

The average net distance that each molecule 
travels from its starting point is proportional to 
the square root of the time involved.
if it takes a molecule 1 second on average to 
travel 1 μm, it takes 4 seconds to travel 2 μm, 
100 seconds to travel 10 μm, and so on.

Alberts, Bruce; Johnson, Alexander; Lewis, Julian; Morgan, David; Raff, Martin; Roberts, Keith; 
Walter, Peter. Molecular Biology of the Cell (Page 59). Garland Science. Kindle Edition. 



Basic Concepts and Thermodynamic Relationships

Since enzymes move more slowly than substrates in cells, we can think of them as 
sitting still. The rate of encounter of each enzyme molecule with its substrate will 
depend on the concentration of the substrate

Abundant substrates : 0.5 mM
Water: 55.5  M
1 substrate mol per 10 5 water mol!
However, will face 100.000 random collisions 
per second by the substrate

Alberts, Bruce; Johnson, Alexander; Lewis, Julian; Morgan, David; Raff, Martin; Roberts, Keith; 
Walter, Peter. Molecular Biology of the Cell (Page 59). Garland Science. Kindle Edition. 



Basic Concepts and Thermodynamic Relationships

The rate of an enzyme reaction (V) increases as the substrate concentration increases 
until a maximum value (V max) is reached. At this point all substrate-binding sites on 
the enzyme molecules are fully occupied, and the rate of reaction is limited by the 
rate of the catalytic process on the enzyme surface. 
For most enzymes, the concentration of substrate at which the reaction rate is half-
maximal (Km) is a measure of how tightly the substrate is bound, with a large value of 
Km corresponding to weak binding.

Turnover  number = 
V max/ Enzyme 

concentration 
is often about 1000 
substrate molecules 
processed per second



In most experiments the fraction of molecules bound to the protein – let’s call this
fraction q – is the parameter that is easiest to measure. The situation here is similar to
that for the protein melting curves. The exact physical nature of the signal does not really 
matter; all that matters is that the signal is linearly proportional to the fraction of ligands 
bound.

Langmuir equation



Brownian motion

Il moto casuale di una piccola particella (con diametro dell'ordine del micron) 
immersa in un fluido, dovuto ad urti tra la particella e le molecole del
fluido stesso, e chiamato moto browniano.

Il moto browniano di una particella colloidale `e una sequenza di passi casuali
della posizione e dell’orientazione della particella stessa. Tale sequenza `e 
chiamata diffusione ed `e descritta da un’equazione,che permette di 
comprendere come la posizione della particella evolve nel tempo.

Come si deriva l'equazione di diffusione per particelle all'equilibrio, 
ovvero in assenza di forze esterne?



Legge di Fick e di legge di conservazione

N particelle browniane, ossia grandi rispetto alle particelle del
fluido in cui si muovono, ciascuna avente una posizione       e una 
velocita 

Definiamo la concentrazione c:

E la densita’ di corrente media:



Se il sistema e’ isolato, vale la legge di conservazione del numero di 
particelle, che da’ una legge di continuita’:

Legge di Fick e di legge di conservazione

In assenza di forze esterne:

In presenza di forze esterne o fluttuazioni statistiche: ci aspettiamo che 
il sistema tenda a ritornare all'equilibrio.
Assumiamo, empiricamente, che la reazione del sistema avvenga 
secondo la cosidetta legge di Fick, per cui si crea una corrente di 
particelle nel verso opposto al gradiente iniziale

dove D e’ detto coefficiente di diffusione ed in generale dipende da posizione e tempo



Si ottiene:

Legge di Fick e di legge di conservazione

Vera se D e’ indipendente dalla diffusione.
Nel caso 1-dimensionale:

La soluzione c (x,t) e’ una gaussiana. Se inizialmente tutte le particelle 
sono condensate in un punto, cioe’ si ottiene 
l’equazione di diffusione:



Da:

Legge di Fick e di legge di conservazione

Si ottiene:

Formula empirica della diffusione, derivate da Einstein. 



Equazione di  Langevin



Equazione di  Langevin



Equazione di  Langevin



Come si determina sperimentalmente
la cinetica di binding? 

SURFACE PLASMON RESONANCE (SPR)



TOTAL INTERNAL REFLECTION

Surface Plasmon 
Resonance (SPR)



Evanescent wave



Lo strato d’oro è di 
circa 50 nmSPR

If the interface between the two media is coated with a thin layer of a suitable conducting material, 
such as a metal, the p-polarized component of the evanescent field wave penetrates the metal 
layer. In fact, at a specific angle of incidence, plane polarised light excites the delocalised surface 
electrons (or plasmons) of the metal, which results in a larger evanescent wave. As a consequences,
at this angle of resonance the intensity of the reflected light decreases drastically due to the energy 
transferred to the plasmons.



Lo strato d’oro è di 
circa 50 nmSPR

Several biosensors have been designed around the 
phenomenon of SPR. Due in
large part to its relative simplicity and high 
sensitivity, this method has become
very popular.

In the same way, the velocity (and therefore the 
momemtum) of the plasmons is changed when the 
composition of the medium changes. Because of the 
change in momentum, the angle of incident light at 
which the resonance occurs changes. This can be 
measured very precise . This type of SPR is known as 
resonant angle or angular SPR and is commonly used. 
On the other hand, at a fixed angle of incident light, the 
wavelength can be varied until resonance occurs. This 
is known as resonant wavelength SPR or spectral SPR 
and is not used widely.



Surface plasmon resonance
The conditions for surface plasmon excitation at the interface between the metal and the 
biochemical solution are achieved by matching the projection of the wave vector of the 
incident light in the direction of the interface (kx) and wave vector (ksp) of the surface plasmon 
oscillation and are given by:

where ω is the angular frequency of the incident wave, c is the speed of light, and ε is the 
wavelength-dependent complex dielectric permittivity. The incidence angle θp at which SPR 
conditions are satisfied therefore depends on the refractive index of the material on the non-
illuminated side of the metal (the flow cell in this case). The prism enables a range of incidence 
angles to be observed simultaneously in a wedge of light beams. When the resonance 
condition is satisfied, there is a strong absorption dip within the angular dependence of the 
wedge of reflected light. At optical wavelengths, the SPR condition is fulfilled by several metals, 
of which gold and silver are the most commonly used. 



La velocità dei plasmoni, ovvero il momento, cambia quando cambia la composizione del 
mezzo. Per esempio, se delle molecole vanno a localizzarsi sul film di oro.

Il cambiamento di momento dei plasmoni, porta ad uno spostamento angolare della 
risonanza: l’angolo di incidenza della luce per vedere la risonanza cambia



Surface plasmon resonance
The resonance is influenced by the refractive index in the evanescent wave path. 
The refractive index beyond the penetration distance of about 600 nm (the wavelength of 
the light) therefore does not affect the experimental outcome. The signal, measured in 
resonance units (RU), directly correlates with the amount of protein interacting near the
surface (typically 1000 RU = 1 ng bound protein mm−2). Results are plotted as a
sensorgram, which represents changes in resonance signal as a function of time.


