
Quantitative analysis of protein-
protein interactions

Binding assays



kon and koff are the kinetic association and dissociation constants.

Association rate is given by
von = kon× [Ligand]× [Receptor]

Dissociation rate of the complex is given by
voff = koff× [Receptor-Ligand]

Receptor + Ligand Receptor-Ligand → response
kon

koff

Receptor-ligand (protein-protein) binding
equilibrium



At equilibrium: von = voff

kon [R] [L] = koff [RL]

when

rearranging

[L] = KD =  1[RL]
[R]

[R] = [RL]

Keq (expressed as KD or KA) is the concentration
of (free) ligand at which half of the binding sites
are occupied.

KA =
kon
koff

=
[RL]
[R][L]

[R][L]
[RL]

=
koff
kon

= KD



[RL] = KD
=

([Rtot] - [RL]) [L][R] [L]
KD

[RL] KD = [Rtot] [L] - [RL] [L]

[RL] KD + [RL] [L] = [Rtot] [L] 

[RL] (KD + [L]) = [Rtot] [L]

Since [R] = [Rtot] - [RL]

This equation allows to determine KD by measuring [RL] at
different ligand concentrations [L] when [L] >> [Rtot], and 
thus [L] ≅ [Ltot]

KD =
[R][L]
[RL]

[RL]= [Rtot ][L]
KD +[L]





semilog

Saturation fraction

Y = [RL]
[Rtot ]



Another linear transformation that was frequently used is the 
Schatchard equation

[RL]
[L]

=
[Rtot ]
Kd

−
[RL]
Kd

It allows a graphic 
estimation of Kd



Scatchard analysis

Starting from equation: [Rtot] [L]
[RL] = Kd + [L]

[RL] ([L] + Kd) = [Rtot] [L]

Dividing by [L] Kd :

[RL] [L]

[L] Kd [L] Kd [L] Kd
=+

[RL]Kd [Rtot] [L]

[RL] [L] + [RL] Kd = [Rtot] [L]



then:
[RL]
[L] =

[Rtot]
Kd

-
[RL]
Kd

If B (Bound) is the concentration of bound ligand [RL];
n [Rtot] is the number of binding sites
F (Free) is the concentration of free ligand [L]
we will have:

B
F

=
_ +B

Kd

n
Kd

The graph of the ratio of bound/free ligand (B/F) versus 
concentration of bound ligand (B) will be:



We obtain a straight line

slope = - 1
Kd

The abscissa intercept (B/F = 0) allows to determine n that
represents the number of binding sites.
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Effect of L and R concentration

• To obtain reliable results it is important to measure
[RL] when [L] is close to KD

• Values are accurate when [Rtot] << [Ltot] and < KD, so 
[Ltot] is almost equal to [L]

• The binding assay should be sufficiently sensitive to 
allow to employ concentrations of L and/or R
between 0.1 and 10 KD



Effect of L and R concentration

If the binding assay is carried out in conditions where
[R] = [L] it is necessary to substitute in equation

[L] = [Ltot] – [RL]

Rearranging it becomes

KD [RL] + [Ltot] [RL] – [RL]2 = [Rtot] [Ltot] – [Rtot] [RL]

[RL]= [Rtot ][L]
KD +[L]

[RL]= [Rtot ]([Ltot ]−[RL])
KD + ([Ltot ]−[RL])



Effect of L and R concentration

[RL]2 – (Kd + [Rtot] + [Ltot]) [RL] + [Rtot] [Ltot] = 0

This is a quadratic equation
ax2 + bx + c = 0

that can be solved with the formula

x = −b± b2 − 4ac
2a

[RL]=
(KD +[Rtot ]+[Ltot ])− (KD +[Rtot ]+[Ltot ])

2 − 4[Rtot ][Ltot ]
2



TECHNIQUES FOR THE QUANTITATIVE STUDY  
OF RECEPTOR-LIGAND BINDING

The capacity to quantitatively analyze a binding
equilibrium depends on the possibility to distinguish
between free and bound receptor (or free and bound
ligand) and measure at least one among L, R and RL

Ideally the concentration of one of the two components
is fixed at a value <<KD and the concentration of the 
other component is varied in an interval between 0.1 KD
and 10 KD



Binding studies

Saturation analysis: Study of saturation of the 
receptor at equilibrium at different concentrations
of ligand

Kinetic analysis: Study of the kinetics of 
association and dissociation of the ligand and 
receptor as a function of concentration



Methods without physical separation of free and 
bound ligand

Binding of the ligand to the receptor must change a 
measurable property of L and/or R
• Absorption spectroscopy (alteration of extinction coefficient, 

change of wavelength of absorption peaks)
• Fluorescence spectroscopy (alteration of intensity or wavelength

of emission) 
§ Intrinsic fluorescence (tryptophan and tyrosine)
§ Labelling with fluorescent probes (fluorophores)

• ITC: Isothermal titration Calorimetry (measure of binding
enthalpy)

• SPR: Surface Plasmon Resonance (measure of the change of 
refractive index)



Binding of the ligand to the receptor must change a measurable
property of L and/or R è if the concentration of complex RL is
proportional to the measured ‘signal’ change then:

[RL]=
[RTOT ][L]
KD +[L]



Spectral variations observed by addition of increasing concentrations of L at
a fixed concentration of R. Panel A. The absorption spectrum in bold is R in the 
absence of ligand. The other spectra are obtained by addition of increasing
concentrations of L. As L increases, a decrease of the protein absorption band at
350 nm due to the presence of a cofactor, is observed. A corresponding increase of 
a band with a maximum at 440 nm, due to formation of the RL complex can be 
seen. Panel B. The graph shows the variations of absorbance at 350 nm (open 
symbols) and at 440 nm (closed symbols) measured as a function of the 
concentration of L. 

AL = A0 +ΔAmax
[L]

KD +[L]



Analysis of Fep1-ANS binding

KD 60 µM
DSmax 1.74 . 106 cps

Fluorescence spectra (lexc 370 nm)
Titration of ANS 10 µM with Fep1 
1-144 µM
ANS fluorescence increases when
the probe is bound to proteins



• Intrinsic fluorescence spectra
of tyrosine and tryptophan
(lexc 270 nm and 295 nm)

• Titration of Fep1 50 nM with 
dsDNA GATA 10-80 nM

• Fep1 fluorescence decreases
when it binds DNA

• KD about 30 nM

Analysis of Fep1-DNA 
binding



Isothermal Titration Calorimetry (ITC)

ITC measures heat absorbed or released in a 
binding reaction in a sequential way (by 
titration)
Label-free technique in solution
Parameters that are determined are KA, n, DH, 
DS and DG





Isothermal Titration Calorimetry (ITC)

• KD = exp(-DG/RT) DG = -RTlnK
• DG = DH – TDS
• Protein concentration should be between 10 and 500 times KD
• c = n MT/KD
• The heat associated with each injection is

qi = v DH DLBi
• For binding to n independent sites

where F = LT/nMT

MT total protein concentration





GATA-1 and Friend of GATA (FOG-1) are 
two zinc-finger transcription factors essential
for correct erythropoiesis.

Analysis of DNA - GATA-1 - FOG-1 
interaction: pull-down on DNA immobilized
on magnetic beads of nuclear extracts (A) or 
purified GATA-1 ZnF1-MBP and GST-FOG-
11 ZnF6 (B)



Effect of mutations on GATA-1 that cause anemia: V205M, 
G208S, R216Q.
Analysis of GATA-DNA and GATA-FOG binding



Generally, radioactively labelled ligands with high specific
activity are used to provide sensitivity

• 125I   2200 Ci/mmole
•   3H 2-20 Ci/mmole
• 14C  0.05-0.5 Ci/mmole

Radioactivity is measured in Bequerel (Bq, disintegrations per 
second) or in Curie (Ci, disintegrations of 1 gr of radium per 
second). 1 Ci = 3.7 1010 Bq

In some cases, these techniques can not be used and a direct
measure of binding is impossible. 

it is necessary to employ techniques where, after 
reaching equilibrium, it is possible to measure separately at
least one among L, R and RL. 



Methods with separation of free ligand (L) from 
ligand bound to the receptor (RL)

Centrifugation
Equilibrium dialysis
Ultrafiltration
Adsorption
Precipitation

Immunoprecipitation
Affinity chromatography



Equilibrium dialysis

RL + L              L



Method Measured
quantity

Advantages Disadvantages

Filtration and 
ultrafiltration

RL, Lfree Rapid, many replicas Can not be used if t1/2
of the complex is less
than 15 sec

Equilibrium dialysis RL + Lfree, 
Lfree

Equilibrium method Slow 

Gel-filtration RL Adequate for soluble
receptors

Slow

Precipitation with PEG 
or TCA

RL, Lfree Adequate for soluble
receptors, separation can be 
obtained by filtration or 
centrifugation

Can not be used if R
and L are proteins
and both precipitate 
with PEG or TCA

Centrifugation RL, Lfree Adequate for membrane 
receptors

Slow, requires high 
speed centrifuge

These separation methods are effective if there is a large 
difference in the molecular weight of receptor and ligand



Experimental approach to saturation analysis
with radioactive labelling

Total Binding and Non-Specific Binding are determined at
different concentrations of (radiolabelled) ligand.

Total Binding
It is obtained by adding increasing amounts of radioligand to 
a fixed amount of receptor

Non-Specific Binding
It is obtained by adding a large excess of unlabelled ligand to 
displace any radioligand from the receptor, or by performing
the assay in the absence of receptor
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it is possible to 
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Competition analysis

Competition binding is performed to determine the capacity
of a ligand L2 to compete with a ligand L1 for a given
receptor.

• Fixed concentrations of labelled ligand L1 and receptor 
are used.

• The system is brought to equilibrium and the 
concentration of L1R complex in the presence of different
concentrations of unlabelled L2 is measured.



The IC50 value indicates the concentration of ligand L2 
that displaces 50% of radioligand L1 from the receptor 
at equilibrium.
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Kinetic analysis

The amount of RL complex increases with time up to a maximum equal
to the specific binding at equilibrium (Ymax) for that concentration of 
ligand.
Association rate constant kon (min-1 M-1).

The experiment is performed to determine the association
rate constant kon.

Association kinetics
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Dissociation kinetics
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The receptor-radioligand system is brought at equilibrium
and then excess cold ligand is added and the 
concentration of radiolabelled complex is measured over 
time.
Dissociation rate constant koff (min-1).



SPR: surface plasmon resonance
kinetic analysis of binding

• Technique used to measure
molecular interactions in real time

• It is based on changes in refractive
index (n) on the surface of a sensor
(chip) caused by binding of an 
analyte to a ligand immobilized on 
the chip



SPR (surface plasmon resonance) is a physical process that is observed when a 
plane-polarized beam of light hits a metallic film in conditions of total internal
reflection

A component of the electromagnetic field of incident radiation (evanescent
wave) propagates in the medium with lower refractive index
When the evanescent wave has the correct incident angle, resonance takes place 
and photons are transformed to plasmons

n = 1.52

n = 1.33



A reduction of intensity of reflected light is observed that produces a dark 
line in the reflected light beam at a specific angle (SPR angle)
The SPR angle is influenced by:
• Features of metallic film
• Wavelength of incident radiation
• Refractive Index



The ligand is immobilized on the surface of the sensor chip and the analyte is in 
solution.
The interaction between ligand and analyte modifies the refractive index of the 
aqueous layer and causes a shift of the SPR angle that is registered by the 
instrument.
The refractive index is influenced by the concentration of the analyte and by the 
dimension of the analyte at the chip surface



The sensor chip is constituted by a glass 
support with a thin gold film. The gold film 
is covered with a matrix for immobilization
of the ligand.
The two media with different refractive
index are glass and the aqueous solution.



The optic device measures the 
change of the SPR angle over time.
Resonance units (RU) correspond
to a change of  0.0001 ° in the 
SPR angle. 



Generally, different concentrations of analyte are used to 
obtain kon and koff values from which KD and KA can be 
calculated



Same KD different kon and koff


