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The Inner Life of the Cell – Dr. Alain Viel, Harvard

https://www.youtube.com/watch?v=FzcTgrxMzZk

8 minute video – watch it while you are running an experiment



Basic language of binding interactions
from 20.110 

Affinity: strength of the interaction, measured by the 
corresponding decrease in free energy upon binding

Specificity: relative strength of interaction for a 
’cognate’ and ‘non-cognate’ receptor-ligand complex



There are two basic types of non-covalent interactions:
simple binding and allosteric

Adapted from Kuriyan, The Molecules of Life, Chapter 12,  Molecular Recognition

simple interaction

allosteric interaction

Some binding interactions are 
’simple’ equilibria – each 
encounter is independent

Others are more complex, 
involving allostery, where one 
ligand binding event alters 
the affinity for another ligand



Thermodynamic analyses provide insight into 
molecular interactions

As you learned in 20.110, we can think about the 
following binding-related terms thermodynamically:

• affinity and specificity

• contribution of entropy and enthalpy

• dependence on temperature

• contributions of chemical groups on the ligand 
and/or the receptor

This information can in turn be used to understand a 
system and to alter the system (e.g. drug design)



Relationship of ligand binding free energy 
to association constants

A. Thermodynamics of Molecular 

Interactions

12.1. The affinity of a protein for a ligand is 

characterized by the dissociation 

constant, KD.

We begin our analysis of non-covalent complexes by 

restating some thermodynamic relationships that are familiar to 

us from Chapter 10, but which we now place explicitly in the 

context of a ligand, L, binding non-covalently to a protein, P.  

The 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 non-covalent protein-

ligand complex.  The equilibrium constant, K, for the reaction 

shown in equation 10.1 is given by:

      (see equation 10.98)  (12.2)

where [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. Since the binding reaction 

(Equation 12.1) as read from left to right is in the direction of 

association, the equilibrium constant as defined in Equation 12.2 

is referred to as the association constant, KA:

                                 (12.3)

The standard free energy change, "G°, for the binding 

reaction is given by:

 
!G

!

=" RTlnK
A

 (see equation 10.97) (12.4)

Recall that "G° is the change in free energy upon converting 

one mole of reactants into a stoichiometric equivalent of 

products (Figure 12.3).  In this case, "G° is the change in free 

energy when 1 mole of protein binds to 1 mole of ligand, under 

standard conditions (1 molar solution of each).  The standard free 

energy change upon complex formation is called the binding 

free energy change, or more simply just the binding free 

energy, :

!G
bind

!

= "RT  ln K
A                        (12.5)
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N 12.2 Affinity and specificity 

in molecular interactions. The 

affinity of a molecular interaction 

refers to its strength. The greater 

the decrease in free energy upon 

binding, the greater the affinity. 

The specificity of an interaction 

refers to the relative strength of 

the interactions made between 

one protein and alternative 

ligands. In a highly specific 

interaction the free energy 

change upon binding to a favored 

ligand is much greater than that 

for other ligands. Biologically 

relevant interactions are usually 

highly specific.

I t 

is common practice to characterize the strength of a binding 

reaction in terms of the equilibrium constant for the dissociation 

reaction, KD, rather than the association constant, KA.  The 

dissociation reaction is simply the reverse of the association 

reaction:

                               (12.6)

The dissociation constant, KD, is the inverse of the 

association constant:

 

K
D

(dissociation
constant)

=
P[ ] L[ ]
P !L[ ]

=
1

K
A

                  (12.7)

It follows from equations 12.5 and 12.7 that the binding free 

energy is given by:

                        (12.8)

Although the dissociation constant is a dimensionless 

number it is usually discussed as if it has molar units of 

concentration (see Section 12.3).  Biologically important 

nonconvalent interactions have dissociation constants that range 

from picomolar to nanomolar (10-12-10-9) for the tightest 

interactions, to millimolar (10-3) for the weakest ones (see Table 

12.1).  These correspond to standard free energy changes upon 

binding of approximately –50 kJ mole-1 for the tightest 

interactions to approximately –17 kJ mole-1 for the weaker ones.  

Small molecule drugs usually bind very tightly to their target 

proteins, with dissociation constants in the nanomolar (10#9) to 

picomolar (10#12) range.
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Figure 12.3 Schematic diagram 

showing the changes in free energy 

upon ligand binding.  The standard 

free energy change, "G°, refers to the 

conversion of a mole of protein and 

ligand to a complex, under standard 

conditions.

I t 

is common practice to characterize the strength of a binding 

reaction in terms of the equilibrium constant for the dissociation 

reaction, KD, rather than the association constant, KA.  The 

dissociation reaction is simply the reverse of the association 

reaction:

                               (12.6)

The dissociation constant, KD, is the inverse of the 

association constant:

                   (12.7)

It follows from equations 12.5 and 12.7 that the binding free 

energy is given by:

!G
bind

!

= + RT ln K
D                         (12.8)

Although the dissociation constant is a dimensionless 

number it is usually discussed as if it has molar units of 

concentration (see Section 12.3).  Biologically important 

nonconvalent interactions have dissociation constants that range 

from picomolar to nanomolar (10-12-10-9) for the tightest 

interactions, to millimolar (10-3) for the weakest ones (see Table 

12.1).  These correspond to standard free energy changes upon 

binding of approximately –50 kJ mole-1 for the tightest 

interactions to approximately –17 kJ mole-1 for the weaker ones.  

Small molecule drugs usually bind very tightly to their target 

proteins, with dissociation constants in the nanomolar (10#9) to 

picomolar (10#12) range.
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Figure 12.3 Schematic diagram 

showing the changes in free energy 

upon ligand binding.  The standard 

free energy change, "G°, refers to the 

conversion of a mole of protein and 

ligand to a complex, under standard 

conditions.

From 20.110:



Binding isotherms are half maximal at 
[L] = KD

steady-state 
equilibrium analysis

’binding isotherm plot’(nM)

(nM)



Logarithmic vs. Linear display of data

as a corollary, choose your concentrations wisely:

1, 3, 10, 30, 100, 300 nM

vs.

50, 100, 150, 200, 250, 300 nM

historic convention current convention



Range of biologically important interactions

Adapted from Kuriyan, The Molecules of Life, Chapter 12,  Molecular Recognition

12.2. The value of KD corresponds to the 

concentration of ligand at which the 

protein is half saturated.

The 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 

ligand at which half the protein molecules are bound to ligand 

(and half are unliganded) at equilibrium (Figure 12.4).  The 

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 concentration at which the protein is half saturated.  

Let us define 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 (Figure 12.4).  In terms of concentrations f can 
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N 12.3 Fractional saturation, 

f. The fractional saturation is 

the extent to which the binding 

sites on a protein are filled 

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.

Table 12.1

Type of Interaction KD (molar) !G
bind

0
 (at 300K)

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-specific 
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 

(strongest known 
non-covalent 
interaction)

 ~1!10"15

(femtomolar)
-86

-4 to -8 kcal/mol

-8 kcal/mol

-12 kcal/mol

-12 to -17 kcal/mol

-21 kcal/mol

kcal/mol

lower KD value
stronger interaction

higher KD value
weaker interaction



Specificity in molecular recognition
discrimination among targets

Proteinase K

low specificity

Aliphatic/X
Aromatic/X

HRV 3C Protease

high specificity

Leu-Glu-Val-Leu-Phe-Gln/Gly-Pro

Lab Use - DNA/RNA preps Lab Use – cleaving fusion proteins



Specificity in molecular recognition – kinase drugs

binding constants

Adapted from Zarrinkar et al, Blood (2009), 114: 2984-2992



Recent example from my lab

CDK9

% activity
CDK9 – 7%
CDK7 – 47%

CDK9 IC50 = 0.15 µM (45 µM ATP)
CDK7 IC50 = 20.1 µM

>130-fold selectivity

13 CDKs in 10-pt dose



Specificity in drug binding – fractional saturation
deliver the drug at a concentration below the KD for non-cognate target

Adapted from Kuriyan, The Molecules of Life, Chapter 12,  Molecular Recognition

Using the universal binding curve in Figure 12.10 we look 

for a concentration range within which binding to A is maximal 

while binding to B is minimal.  As the value of approaches 

100, the value of f approaches 1.0.  Since the value of KD for 

protein A is 1 10-9 M (0 001 µM), protein A will be essentially 

saturated if the drug is delivered at concentration of 0!1 µM (note 

that we assume that equation 12.20 holds true).  At this 

concentration of the drug, the value of for protein B is 

, which is 0 01.  From the universal binding 

curve (Figure 12.10) we can see that if the values of is 0 01 

then the value of f is very small.  Thus, if the drug is delivered at 

a concentration of 0 1 µM we expect protein B to be essentially 

unaffected (Figure 12.11). Thus, one way to avoid unwanted side 

effects in the action of a drug is to make its interaction with its 

desired target protein as tight as possible (the dissociation 

constant should be as low as possible). 

12.11. The dissociation constant for a 

physiological ligand is usually close to the 

natural concentration of the ligand

The 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 natural binding interaction is lower by no more 

than a factor of 10-100 than the physiological 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.  The dissociation constant of ATP for protein kinases is 

typically ~10 µM (10-5 M), i.e., approximately one hundredth 

that of the physiological ATP concentration.  Certain motor 

proteins known as kinesins, 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 structure and mechanism.
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Figure 12.11 Affinity and specificity 

in drug binding.  (A) A drug binds 

tightly to a desired protein and weakly 

to another undesired target.  (B) The 

drug is delivered at concentration that 

is below the value of KD for the 

undesired target.  Very little binding to 

the undesired target occurs.

Using the universal binding curve in Figure 12.10 we look 

for a concentration range within which binding to A is maximal 

while binding to B is minimal.  As the value of approaches 

100, the value of f approaches 1.0.  Since the value of KD for 

protein A is 1 10-9 M (0 001 µM), protein A will be essentially 

saturated if the drug is delivered at concentration of 0!1 µM (note 

that we assume that equation 12.20 holds true).  At this 

concentration of the drug, the value of for protein B is 

, which is 0 01.  From the universal binding 

curve (Figure 12.10) we can see that if the values of is 0 01 

then the value of f is very small.  Thus, if the drug is delivered at 

a concentration of 0 1 µM we expect protein B to be essentially 

unaffected (Figure 12.11). Thus, one way to avoid unwanted side 

effects in the action of a drug is to make its interaction with its 

desired target protein as tight as possible (the dissociation 

constant should be as low as possible). 

12.11. The dissociation constant for a 

physiological ligand is usually close to the 

natural concentration of the ligand

The 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 natural binding interaction is lower by no more 

than a factor of 10-100 than the physiological 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.  The dissociation constant of ATP for protein kinases is 

typically ~10 µM (10-5 M), i.e., approximately one hundredth 

that of the physiological ATP concentration.  Certain motor 

proteins known as kinesins, 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 structure and mechanism.
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Figure 12.11 Affinity and specificity 

in drug binding.  (A) A drug binds 

tightly to a desired protein and weakly 

to another undesired target.  (B) The 

drug is delivered at concentration that 

is below the value of KD for the 

undesired target.  Very little binding to 

the undesired target occurs.



Adapted from Kuriyan, The Molecules of Life, Chapter 12,  Molecular Recognition

Using the universal binding curve in Figure 12.10 we look 

for a concentration range within which binding to A is maximal 

while binding to B is minimal.  As the value of approaches 

100, the value of f approaches 1.0.  Since the value of KD for 

protein A is 1 10-9 M (0 001 µM), protein A will be essentially 

saturated if the drug is delivered at concentration of 0!1 µM (note 

that we assume that equation 12.20 holds true).  At this 

concentration of the drug, the value of for protein B is 

, which is 0 01.  From the universal binding 

curve (Figure 12.10) we can see that if the values of is 0 01 

then the value of f is very small.  Thus, if the drug is delivered at 

a concentration of 0 1 µM we expect protein B to be essentially 

unaffected (Figure 12.11). Thus, one way to avoid unwanted side 

effects in the action of a drug is to make its interaction with its 

desired target protein as tight as possible (the dissociation 

constant should be as low as possible). 

12.11. The dissociation constant for a 

physiological ligand is usually close to the 

natural concentration of the ligand

The 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 natural binding interaction is lower by no more 

than a factor of 10-100 than the physiological 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.  The dissociation constant of ATP for protein kinases is 

typically ~10 µM (10-5 M), i.e., approximately one hundredth 

that of the physiological ATP concentration.  Certain motor 

proteins known as kinesins, 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 structure and mechanism.

Chapter 12: Molecular Recognition, UC Berkeley, 8/5/09 

Page 22                    
From The Molecules of Life by Kuriyan, Konforti & Wemmer © Garland Publishing, 2008. Distribution Prohibited.

Figure 12.11 Affinity and specificity 

in drug binding.  (A) A drug binds 

tightly to a desired protein and weakly 

to another undesired target.  (B) The 

drug is delivered at concentration that 

is below the value of KD for the 

undesired target.  Very little binding to 

the undesired target occurs.

impact therapeutic effects?

‘Therapeutic Window’ 

ED50 = effective in 50% patients
TD50 = toxic in 50% patients

Specificity in drug binding – fractional saturation
deliver the drug at a concentration below the TD50 in patients



L1,2,3

Methods to find or evaluate binding interactions

L3 – 20.320
20.110

L3 – 20.320



Measuring a thermal melt profile for a protein

protein melting

dye binding

peak fluorescence

hydrophobic dye protein of interest

protein aggregation
&

dye dissociation

Tm = melting 
temperature

Temperature (C)

Fl
uo

re
sc

en
ce

 (R
)



Dyes used to detect protein unfolding

ANS
8-anilinonapthalene-1-sulfonic acid

(1965)

SYPRO® Orange
Most common dye for DSF/TS

(2004)

binds nonspecifically to hydrophobic surfaces; 
water quenches fluorescence 

Nile Red
9-diethylamino-5-benzo[a]phenoxazinone

(1985)

solvatochromic
Nile Red under visible and
UV light in different solvents

CPM
N-[4-(7-diethylamino-4-methyl-3-coumarinyl)phenyl]maleimide

(2008)

only fluoresces after reacting with Cys residues



What happens when you add a small molecule?

protein melting

dye binding

peak fluorescence

hydrophobic dye protein of interest

protein aggregation
&

dye dissociation

Tm = melting 
temperature

Temperature (C)

Fl
uo

re
sc

en
ce

 (R
)



Adapted from Dr. Salemme at thermofluor.org

Thermal shift assays with small molecules

ligand

Temperature (C)

Fl
uo

re
sc

en
ce

 (R
)



Real thermal shift screens with small molecules

Adapted from Dr. Salemme at thermofluor.org

preferential ligand binding to unfolded states?

Data for 25 proteins
4.5 million data points

~ 3500 cpds ΔTm> 5 deg C
~ 9300 cpds ΔTm< -5 deg C

Typical conditions
0.2-1.- ug protein (~1 uM)
~50 uM cpd in 5% DMSO

4-6 uL volume

ΔTm

N
um

b
er

 o
f A

ss
ay

s



Adapted from Collaborative Crystallisation Centre

Real results from thermal shift studies
assay development

consider optimizing buffer conditions – pH, cofactors

dye only

protein + dye

protein only



Real results with thermal shift assays

Adapted from Collaborative Crystallisation Centre

pre-transition 
is flat

sharp, smooth melt
post-transition 

quench

raw fluorescence thermal curves first derivative representation

Tm ~59 °C

three replicates for a single experiment



Real results with thermal shift assays

Adapted from Collaborative Crystallisation Centre

raw fluorescence thermal curves

no melt transition is observed
WHY?

Temperature (C)

Melt Curve
Fl

uo
re

sc
en

ce
 (R

)



Protein disorder continuum

intrinsically disordered highly structured

C-term 
aa 311-360

PDB ID = 2N3X

Low complexity domain (LCD)
tendency to aggregateTDP-43



Experiment 2:

test 16 concentration of glucose
fit to single binding event model (red)

apparent KD ~ 1.12 +/- 0.05 mM

Determining apparent dissociation constants
hexokinase (receptor) and glucose (ligand)

Experiment 1:

test a wide range of glucose 
concentrations

KD is likely between 0.2 and 1.7 mM

?



Target engagement in cells:
cellular thermal shift assays (CETSA)

Monitor levels of soluble proteins

compound treatment 
in live cells heating and cooling lyse cells separation

(optional) detection

vehicle
compound

compound

vehicle (DMSO) Temperature (°C)

%
 s

ol
ub

le
 p

ro
te

in

western
blot



Anticipated results from CETSA assays

Tagg curve

DT

%
 s

ol
ub

le
 p

ro
te

in

%
 s

ol
ub

le
 p

ro
te

in

Temperature (°C) log [compound] (M)

vehicle
compound

compound A
compound B
compound C

ITDRF curves

IsoThermal Dose Response Fingerprint
‘apparent potencies’ at single temp



Real results from CETSA assays
thymidylate synthase drugs in K562 cells

Tagg curve

5-fluorouridine

floxuridine

raltitrexed

ITDRF curves at 50 °C

floxuridine

5-FU

CBK115334

DMSO vehicle

quadruplicate data from one independent experiment



CETSA for high-throughput screening

Adapted from the NIH Assay Guidance Manual

384-well
assay plate 

centrifugation

fluorescent
plate reader



CETSA for target identification of drugs


