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The computational microcalorimeter

THEORETICAL BACKGROUND

Keq =

[protein : ligand]

[protein][ligand]

protein + ligand

protein : ligand

Keq

— Brute-force simulations are limited by kon and koff.
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protein + ligand* protein:ligand*

protein + nothing* protein:nothing*

ΔG*
protein + nothing0 protein:nothing0

protein + ligand0 protein:ligand0
ΔG0

ΔGasitebulkΔGa

ΔGcsitebulkΔGc

Couple reversibly the ligand to the binding site of  the protein

ΔGositebulkΔGo
ΔGpsitebulkΔGp
ΔGasitebulkΔGa

- Floating ligand problem.

- Corpora non agunt nisi fixata.
Paul Ehrlich

- Definition of  a set of  restraints.

- The loss of  translational, orientational and conformational 
entropies contributes to the free energy.

Gilson, M. K. et al. Biophys. J., 1997, 72, 1047-1069

THE DOUBLE-ANNIHILATION STRATEGY

Hermans, J.; Wang, L. J. Am. Chem. Soc. 1997, 119, 2707-2714
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Robust experimental data.

Sampling constitutes the primary source of  error.

The protein: Abl Src homology domain 3.

The binder: APSYSPPPPP (p41).

= -7.94 kcal/mol (experimental).�G0

Fully geometrical route: -7.8 ± 0.9 kcal/mol

Fully alchemical route:   -7.7 ± 1.0 kcal/mol
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A GEOMETRICAL ROUTE
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- Colvars scripted functions

Euler angles: Polar angles:

- Handled by the extended adaptive biasing force algorithm (eABF)

# Euler angles
# Phi
namespace eval eulerPhi { } 
proc calc_eulerPhi { args } {

    global eulerPhi::q0
    global eulerPhi::q1
    global eulerPhi::q2
    global eulerPhi::q3

    set q0 [ lindex [ lindex $args 0 ] 0 ]
    set q1 [ lindex [ lindex $args 0 ] 1 ]
    set q2 [ lindex [ lindex $args 0 ] 2 ]
    set q3 [ lindex [ lindex $args 0 ] 3 ]

    set f  [ expr 180 / 3.1415926 * atan2(2 * ($q0 * $q1 + $q2 * $q3), 1 - 2 * ($q1 * $q1 + $q2 * $q2)) ]

    return $f
}

NEW COLLECTIVE VARIABLES
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THE LONG-STANDING PROTEIN-LIGAND PROBLEM

Chipot, C.; Pohorille, A. Free-energy calculations. Springer 2007.

ΔGasitebulkΔGa

protein + ligand0 protein:ligand0
A A

ΔG0A

ΔG0B
protein + ligand0 protein:ligand0

BB

Relative binding affinity — alternate guests

ΔGasitebulkΔGa

protein  + ligand0 protein  :ligand0
A A

ΔG0A

ΔG0B
protein  + ligand0 protein  :ligand0

B B

Relative binding affinity — alternate hosts

��G0 = �G0
B ��G0

A = �Gsite
a ��Gbulk

a

- Easier to carry out than standard binding free-energy calculations

- Cheaper than standard binding free-energy calculations

- Well-suited to series of  congeneric compounds

- May require the introduction of  geometric restraints
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conformational

6.6 kcal/mol

6.6 kcal/mol

EVALUATING THE CONTRIBUTIONS (P5)

�G�
bind(exp) = �5.52 kcal/mol

orientational

0.4 kcal/mol

0.3 kcal/mol

0.3 kcal/mol

0.2 kcal/mol

15.6 kcal/mol

0.2 kcal/mol

positional

-6.6 
-0.4 
-0.3 
-0.3 
-0.2 
-0.2 

  
-15.6 

11.5 

 6.6 
-5.5

p5: APTYPPPLNP

Abl-SH3 + p41 Abl-SH3:p41

Abl-SH3 + p5 Abl-SH3:p5

�G
unbound

�G
bound

�G�
p41

�G�
p5

�G�
p41

��G�
p5

= �G
bound

��G
unbound

=125.7-125.7=0
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ALANINE-SCANNING EXPERIMENTS

Ramadoss, V.; Dehez, F. ; Chipot, C. J. Chem. Info. Model. 2016, 56, 1122-1126 

Protein-substrate binding

Thermal-shift assay
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PROTEIN-PROTEIN ASSOCIATION

Measuring binding constants from one-dimensional separation potentials of  mean force is justified in the limit of  all other degrees 
of  freedom being appropriately sampled. This is true for small, fast-relaxing molecular species.
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Ka = 4⇡

Z Rc

0
dr r2 exp[���A(r)]

Shoup, D.; Szabo, A. Biophys. J. 1982, 40, 33-39

Woo, H. J.; Roux, B. Proc. Natl. Acad. Sci. USA 2005, 102, 6825-6830
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Measuring binding constants from one-dimensional separation potentials of  mean force is justified in the limit of  all other degrees 
of  freedom being appropriately sampled. This is true for small, fast-relaxing molecular species.

Ka = 4⇡

Z Rc

0
dr r2 exp[���A(r)]

Shoup, D.; Szabo, A. Biophys. J. 1982, 40, 33-39

Gumbart, J. C.; Roux, B.; Chipot, C. J. Chem. Theor. Comput. 2013, 9, 3789-3798

In more complex molecular assemblies, e.g., protein-ligand complexes, the partners acquire upon 
separation additional configurational - i.e., conformational, positional and orientational entropy, not 
easily captured over timescales amenable to molecular dynamics.
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