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Syllabus

✓Motivation

✓ Basic physical chemistry

✓ Measuring electrostatic properties

✓ The TK model

✓ Basic ideas of the PB

✓ Constant-pH computational methods

✓ Peculiar phenomena

✓ Other examples

(set of 3 lectures) 
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Motivation

Fernando Barroso, FCFRP/USP

SAIFR - March 9-15, 2020

?Why???
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mol
1

mol
2

?

Intermolecular interactions

𝑉12 = electronic repulsion +

+ charge transfer +

+ multipole-multipole electrical interaction +

+ induced multipole-multipole electrical interaction +

+ dispersion

All these terms depend on the molecular properties derived from 

the Schrödinger equation 

Protein interactions
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Protein electrostatics

▪ Structure/Folding

▪ Hydration

▪ Catalysis

▪ Binding/Ionization

Perutz
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Protein interactions
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Protein interactions
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Protein interactions

Fernando Barroso (fernando@fcfrp.usp.br)

CRABP I e II:  biological function vs electrostatic interactions

CRABP I CRABP I vs II

Electrostatic potential
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Protein interactions

Fernando Barroso (fernando@fcfrp.usp.br)
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Protein interactions
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❑ Electrostatic potential comparisons 
❑ Inspection of ligand binding sites
❑ Interactions with other charged objects

(visual + thermodynamics)

CRABP I vs II

Electrostatic calculations are useful….
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Basic physical chemistry
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Coulombic law?!
Electrostatic interactions in proteins?
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Amino Acids
Building Blocks of Proteins
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3 2RNH H RNH+ + +

RCOOH H RCOO+ − +

Charge varies from +1 to 0

Charge varies from 0 to -1

protonated deprotonated

19

20



11

Fernando Barroso, FCFRP/USP

SAIFR - March 9-15, 2020

Acid-base equilibrium

Dissociation of a weak acid (HA)

H A
a

HA

a a
K

a

+ −

=

( ) ( ) ( )aq aq aqHA H A+ − +

For an ideal system,

H A
s

HA

c c
K

c

+ −

=

thermodynamic equilibrium

constant

activities

concentrations

stoichiometric equilibrium

constant

ca =
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Acid-base equilibrium

aa KpK log−=

aa KpK          

)log3.2(ln0

aa KRTKRTG −=−=

apKRTG )3.2(0 +=

aa KpK log−=

❑ pKa is a measure of the tendency for a group to give up a proton

( ) ( ) ( )aq aq aqHA H A+ − +
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The Sorensen definition of pH as Hydrogen ion concentration

log
H

pH c += −

‘the power of hydrogen’

the scale provides a simple and universal 

measurement of the amount of hydrogen 

ions in a solution, which affects its acidity 

and how it reacts chemically.

log
H

pH a += −

Notional definition
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Aminoacids can have electrical charge!

log
H

pH c += −
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Proteins are involved in virtually every 

segment of human activity: scientific, 

industrial, service and commercial

basicacid

polar

Non-polar
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Protein interactions

Fernando Barroso (fernando@fcfrp.usp.br)

Protein electrostatics

Lindstrøm-Lang
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Protein interactions

Fernando Barroso (fernando@fcfrp.usp.br)

Protein electrostatics

Lindstrøm-Lang

Protein Electrostatics
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Degree of ionization
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3 2RNH H RNH+ + +

RCOOH H RCOO+ − +

Charge varies from +1 to 0

Charge varies from 0 to -1

pKa

27

28



15

Protein Electrostatics
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But, in real systems...

4.0 4.5

2.0 2.1

9.9 9.5

Aspartic Acid Glutamic Acid

...the neighbourhood can affect the pKa!

Protein Electrostatics

Prof. Fernando Luís Barroso da Silva (fernando@fcfrp.usp.br)
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ideal pKa =4

X

Ribonuclease

pH controls aminoacids charges
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Ideal titration behavior
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, for basic aa.

, for acidic aa.
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ideal behavior
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(Calixto & Barroso Da Silva, 2010)
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NH3+-

pH

pH controls conformation!

Fernando Barroso, FCFRP/USP
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pH controls function!
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❑ pH is the decimal logarithm of the reciprocal of the 

hydrogen ion activity. (charge, conformation and function)

pH in biochemistry, food and pharmaceuticals

q pH( ) =
1

1+ e
- ln10(pKa-pH )

❑ pKa is a measure of the tendency for a group to 

give up a proton. 

pH, salt, T

denaturation association

pH, salt, T

[LD & FLBDS, Food Hydrocolloids, 2016]
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Protein interactions

Fernando Barroso (fernando@fcfrp.usp.br)

Electrostatic interactions

+

-

NH3

COO

++ +
-

- -
-
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“Model” pKas for aminoacids
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Protein Science (2006), 15:1214–1218

Gly-Gly-X-Gly-Gly

Gly-Gly-X-Ala

Fernando Barroso, FCFRP/USP

SAIFR - March 9-15, 2020

Protein Science (2006), 15:1214–1218
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Measuring electrostatic properties

Protein electrostatics

Prof. Fernando Luís Barroso da Silva (fernando@fcfrp.usp.br)
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Main ideas about what we know...
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Experiments (Borkovec, Jönsson and Koper, 2000)

• Potentiometric titration

• NMR (the most powerful technique)

• Ultraviolet/visible spectroscopy

• Infrared spectroscopy

• fluorescence spectroscopy

Protein Electrostatics

Prof. Fernando Luís Barroso da Silva (fernando@fcfrp.usp.br)

B.P.C. – DCBM/FCFRP - USP

SAIFR - March 9-15, 2020

43

44



23

Fernando Barroso, FCFRP/USP

SAIFR – March 9-15, 2020

Some theoretical landmarks

• Linderstrøm-Lang (1924)

• Kirkwood (1937)

• Tanford-Kirkwood (1957) 

• Warwiker & Watson (1982)

• Jönsson & Svensson (1990)

• Baptista, Marte & Petersen (1997)

• Jensen & co-authors (2011)

Continuum

Empirical & fast

cpu time increases

Phenomenological

e.g. GB

fixed charges → polarizable

Models
(Friedman, 1977)
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Microscopic
models
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Macroscopic
models
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Models

solvent

so
lu

te κ

[FLBDS, 2000]
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“Simulations are fiction aspiring to emulate
reality. Pretty pictures and even a few good
numbers do not guarantee good science”

(Peter Steinbach, Center of Molecular Modeling, NIH, USA)

Take care!
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From Nathan Baker:
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It is difficult to reproduce water dielectric 
properties by atomistic models...
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ε=66

ε=71
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J Phys Chem B. 2012 June 14; 116(23): 6936–6944. 
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How to choose?

Models

solvent

so
lu

te κ

[FLBDS, 2000]
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Continuum framework

ε

Protein Electrostatics

Prof. Fernando Luís Barroso da Silva (fernando@fcfrp.usp.br)
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+ -

Aproximations…1) charges
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Protein Electrostatics
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Aproximations…2) Solvent

Molecular water (explici) Water as a medium
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Big reduction in number of particles
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