
Microcalorimetry for Small Molecule 
Drug Discovery

Insights into biomolecular interactions



Principles of microcalorimetry

Factors involved in ligand/macromolecule binding

Application examples of Calorimetry
•

 
Hit Validation

•
 

Lead Optimization SAR
•

 
Mechanism of Action Studies

Instrument overview

Agenda



Experimental biological relevance 
•

 
Label-free

•
 

True in solution 
•

 
No molecular weight limitations 

•
 

Optical clarity unimportant
•

 
Non-destructive

Minimal to no assay development saves time and conserves 
sample

Microcalorimetry offers 
enhanced information content 



Heat absorption or release are universal properties 
of all chemical reactions

Calorimetry measures heat directly
• No reporters required

A single reaction can yield 
• Overall binding affinity 
• Attractive hydrogen and van der

 
Waals forces

• Hydrophobic and conformational effects 
• Stoichiometry

calorimetry is a direct readout

Heat is a fundamental natural 
property…



Microcalorimetry applications in the drug 
discovery process
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Microcalorimetry provides a total 
picture of binding energetics

∆H is a measure of 
hydrogen and van der

 
Waals bonding  

-T∆S is a measure of 
hydrophobic 
interaction 

conformational 
changes 

n = Stoichiometry indicates the ratio 
of ligand molecules that bind each 

macromolecule

Overall binding affinity KD

 

correlates 
with IC50

 

or EC50

 

This is directly related 
to ∆G the total free binding energy

∆G = ∆H -
 

T∆S 



How does isothermal titration 
calorimetry (ITC) work?

Compound

 

(binding partner) in syringe

Protein target

 

in sample cell

Buffer in reference cell

Heat of interaction is measured
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Affinity is just part of the picture
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Favorable

Unfavorable

A. Good hydrogen 
bonding with 
unfavorable 

conformational 
change

B. Binding 
dominated by 
hydrophobic 
interaction

C. Favorable 
hydrogen and 
hydrophobic 
interaction

All three interactions have the same binding energy (∆G)

∆G



Applications for Microcalorimetry in 
Hit Validation



•Gold standard KD

 

values

•Elimination of false positives

•Data provides insights into compound binding
•Structural features
•Binding mechanism

•Orthogonal data compliments other techniques

“ITC…

 

would provide a quantitative measure of how 
the desired features have been captured by a particular 
compound”

 

Zhao, Abbott Labs 

Benefits of ITC for hit validation



ITC eliminates false positives

ITC results 
demonstrate lack of 

binding indicate 
false positive

GLU assay indicates 
a 9 μM affinity

Presented by M. Ramarao, 2007 Trends in Microcalorimetry Conference



ITC results guide SAR results 

Stoichiometry 
results of 1:1 

gives confidence 
in fidelity of 

binding 

Presented by M. Ramarao, 2007 Trends in Microcalorimetry Conference



ITC is used to confirm binding to 
active site

ITC results lack of 
binding with buffer 

blank and 
irreversible 

inhibitor 

This suggests that 
binding occurs at 
or near the active 

site

MAFPBuffer

Presented by M. Ramarao (Wyeth), at 2007 Trends in Microcalorimetry Conference



Identification of promiscuous binder 
by iTC200

Presented by L.Gao

 

(Hoffmann-La Roche), poster at SBS 2009

∆H is 1000X expected
N=.01 indication of chemical 
modification

Biochemical assay IC50 = 0.45 Micromolar

Non-specific binding to BSA



Assessment of protein quality by 
iTC200

100% of Batch 1 
protein Active 
based on 
Stoichiometry

Presented by L.Gao

 

(Hoffmann-La Roche), poster at SBS 2009

23% of Batch 2 
protein Active 
based on 
Stoichiometry



Auto-iTC200
 

the world’s most 
advanced Isothermal Titration 
Calorimeter
Totally unattended operation

Throughput rates of up to 75 samples/day

Complete thermodynamic analysis as little as 
10 µg protein

Designed for ease of use



Carbonic anhydrase inhibitors

Ligand BCA(µm) N Kd (µm) ∆G ∆H -T∆S

Acetozolamide .126mM 10 0.98 ±.02 0.06 -9.87 -11.15 ±0.46 1.28

CBS .414mM 30 1.00 ±.04 0.96 -8.21 -10.19 ±0.12 1.98

Furosemide .426mM 30 0.98 ±.08 0.92 -8.23 -7.06 ±0.20 -1.17

Sulfanilimide .441mM 30 0.99 ±.05 4 -7.35 -7.93 ±0.39 0.58

TFMSA .525mN 30 1.03 ±.02 0.35 -8.8 -2.03 ±0.07 -6.77

20 unattended runs in 15 hours

Isotherms for 
quadruplicate runs



Reproducible results
 

Carbonic anhydrase-CBS titrations with Auto-iTC200
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Carbonic anhydrase-inhibitor 
titrations with Auto-iTC200
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Carbonic anhydrase inhibitors
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Applications for Microcalorimetry in 
Lead Optimization

•Directed template optimization

•Mechanism of action confirmation

•Improve success of liganded
 

crystal structures



Optimizing
 diaminopyrimidine
 

renin
 inhibitors

 
Aided by ITC and structural data

Abstracted from Sarver, et al, Anal. Biochem. 2007
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How can this information help us design a better molecule?

∆H is highly favorable

-T∆S indicated conformational 
changes

∆G is low represented by
IC50

 

=6.6 µM  and 
Kd

 

=3.6 μM 
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The starting point –
 

a “weak”
 binder



favorable ∆H is 
consistent with the 
strong network of 
hydrogen bonds.

The unoccupied 
hydrophobic S2 and S3 

pockets are 
opportunities to increase 

affinity 

The binding orientation for 
lead template to renin

 
was determined 

X-ray crystallography
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Increase in ∆H is 
consistent with 
increase in S3 

pocket due to van 
der

 

Waals bonds

Structural alteration resulted in 7X

 improvement in affinity

Increase in 
conformational

-T∆S

Modeling suggest addition of 
ether would extend into S3 
pocket
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Loss in ∆H indicating 
that hydrogen bonds 

were broken

Another in 2X improvement in affinity

Significant 
increase in -T∆S 

due to 
hydrophobic 
binding in S2 

pocket

Modeling suggest adding 
aryl-benzamide

 
to extend into S2 

pocket
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Dramatic Increase 
in ∆H is consistent 
with increase in S2 

pocket H-bonds

Decrease in -T∆S 
due to conversion 

of hydrophobic 
binding in S2 

pocket to H-bonds

Data suggests substituting 
aryl-benzamide

 
with aryl-sulfonamide 

to improve H-bonds

Another 3.4X improvement in affinity 



S2 S2

S3 S3

Aryl-Sulfonamide

Ether

Renin
 

inhibitor affinity improved 45X  
from initial 3.6 μM lead to 79nM

S3 Pocket -
 

Improved enthalpy due to van der
 

Waals bonds

S2 Pocket –
 

Improved binding enthalpy while retaining 
hydrophobic advantage 



Applications of microcalorimetry in 
mechanism of action studies



ITC  -
 

uniquely suited for MOA 
studies

•
 

Binding is measured in a biologically relevant 
environment

•
 

No need for “activated”
 

enzymes

•
 

Complex processes can be systematically 
characterized unconstrained by assay limitations

•
 

Thermodynamic data can provide insights into 
binding mechanism



MOA applications

Differentiate competitive, non-competitive, 
uncompetitive binding 

Assess effects of co-factors

Assay validation 

Site-directed mutagenesis

Works with virtually all binding reactions
Enzymes
Nuclear receptors
Membrane-bound proteins



Kinase

MOA: ATP competitive binding

Binding of inhibitor and ATP 
compete for same site
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Kinase

 

with 
ATP

Kinase

MOA: ATP non-competitive 
binding

Inhibitor 

Inhibitor Binding of inhibitor occurs 
before or after ATP, ∆H shows 
difference in binding mode
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Conformational changes in protein 
complexes –

 
allosteric

 
modulation

Calmodulin binding to peptide domain

-40

-30

-20

-10

0

10

20

30

1 2 3 4 5 6

Peptide domain

kc
al

/m
ol ∆G

∆H
 -T∆S

Fredrick et al, Nature Vol

 

448, 325-329 (2007)  
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Calmodulin fine 
tunes it affinity 
through internal 
conformational 
changes



ITC studies on modes of cofactor binding to the 
glucocorticoid

 
receptor

“These data support the hypothesis that ligand induced 
conformational changes dictate co-factor binding”

Kroe, R., Baker, M., et al. Biophys. Chemist. doi:10.1016/j.bpc.2007.03013 (2007)

GR-LBD/Dexamethasone
 

and co-activator binding
GR-LBD/RU486 and co-repressor binding

ITC revealed what biochemical studies couldn’t



-12

-10

-8

-6

-4

-2

0

2

1 2

kc
al

/m
ol

∆G ∆H  -T∆S 

ITC data suggest a difference in 
binding mechanism for co-factors

Co-activator TIF2 
binding to GR-

 
LBD/Dex

 

complex  
driven by hydrogen 
bonds (∆H)

Binding affinities are similar but mechanisms are different

Co-repressor NCoR

 
Binding to GR-LBD/ 
RU486 complex  driven 
by hydrophobic 
interaction (-T∆S)



Bia2iTC -
 

ITC experimental 
design based on Biacore 
affinity data

1.

 

Load 1:1 binding data

 

from Biacore™

 
X100, Biacore T100 or Biacore A100

2.

 

Create MicroCal™

 

Auto-iTC200

 

setup file

3.

 

Review the proposed conditions -

 
consider changes if motivated by 
prior knowledge

4.

 

Run MicroCal Auto-iTC200 experiment

5.

 

Import MicroCal Auto-iTC200

 

result

6.

 

Create Excel™

 

file for data comparison

7.

 

Use built-in functionality for 
comparative plots

Note! Beta version available in July



Easy comparison of Biacore™
 and MicroCal™

 
data

KD

ΔG ΔH

kd

Ligand efficiency
Target residence time

Enthalpic

 

efficiency

Note! Beta version available in July
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Gold standard “first principles”

 

data –

 

reference standard for other methods
A perfect complement to NMR and X-ray crystallography

Method of choice for complete characterization of biomolecular 
interactions

ITC Instruments

VP-ITC iTC200

Sample Required:

 

50+ μg                             ~5-10 μg

 

~5-10 μg

 

Throughput:

 

4 -

 

5 per day              8 -

 

16 per day             50 –100 +/day        

Ease of Use:

 

Good                              Better                        Best

Isothermal Titration 
Calorimetry



Characterize a broad range of 
interactions
Protein/Protein

Protein/Small Molecule

Protein/Carbohydrate

Protein/Lipid

Protein/Nucleic Acid

Receptors/Ligand

Non-Biological Molecules

Lipid/Lipid Small Molecule

Nucleic Acid/Small Molecule

Nucleic Acid/Lipid

Nucleic Acid/Nucleic Acid

Antibody/Ligand



Over 8,800 literature citations
 Here are some examples:

Applications Area Number of Citations
Protein-Small Molecule Interaction 1002

Protein-Protein Interactions 686

Protein-Carbohydrate Interactions 276

Protein-Lipid Interactions 140

Protein Folding and Structural Studies 1620

Protein Engineering and Mutagenesis 969

Lipid and Membrane Studies 601

Small Molecule-Small Molecule Interactions 211



Conclusions

ITC has demonstrated it’s value in drug discovery 
programs throughout the world

With 30 years of experience in life sciences and over 
8000 literature references MicroCal has the 
expertise to get you on-line

 
quickly and effectively
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