
1

Electrostatic interactions in and between biomolecules:

From fundamentals concepts to applications

Part 3

March15, 2020

Fernando Luís BARROSO da Silva
Department of Biomolecular Sciences, FCFRP/USP, Brazil

flbarroso@usp.br

Fernando Barroso, FCFRP/USP

SAIFR - March 9-15, 2020

P
ro

te
in

 i
n

te
ra

c
ti

o
n

s
Pr

ot
e
in
 i
nt

e
ra

ct
io
ns

R
e

v
e

rs
e

 M
o

n
te

 C
a

rl
o

Barroso, Lobaskin & Mac Kernan
May 9, 2016

Faster, reasonable well, but it can be improved!
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MD MEAD

 ,i ir q

 , new
i ir q

Simulation of protein conformational freedom as a function of pH: 

constant‐pH molecular dynamics using implicit titration
António M. Baptista, Paulo J. Martel & Steffen B. Petersen
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OPEP ff

Optimized Potential for Efficient protein structure Prediction (OPEP) force field
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increases cpu costs

increases accuracy

FPTS

(FLBDS, FS & PD, JCTC 2019)

128

129



4

Fernando Barroso, FCFRP/USP

SAIFR - March 9-15, 2020

Convergence

Calculated and experimental pKa values of HP36. 
Salt concentration is 150 mM.

(FLBDS, FS & PD, JCTC 2019)
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?So simple?!
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Peculiar phenomena 1
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Fundamental interactions

Like charges should repel each other?
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Nature shows this is not true!
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Protein interactions
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[Kleinschmidt et al. (1962)]

Protein interactions
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The end-to-end distance as a function of the monomer charge, 

for different valency of the counterions.              (Khan & Jönsson, 1999)

“Protein” folding
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Protein-protein interaction

+24 +24

(Jönsson, Lund & Da Silva, 2007)
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Protein interactions
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Protein-protein interaction
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Protein interactions
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From Biological Physics to 

Material Sciences

Materials and Structures / Concrete Science and Engineering, Vol. 37, January-Febrtmry 2004, pp 3-14
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Protein interactions
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The electrostatic world of (biological) molecules

Coulomb law, pka and kT

Weak coupling (monovalent ions)

• “Screening” long-range interactions

• Condensation at short distances (Z→ Zeff)

• DVLO (repulssion): ~ exp(-κr)/r
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STRONG coupling
(multivalent ions)

• Charge reversal/“overcharging”

• Colloidal Attraction
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Peculiar phenomena 2
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Protein Electrostatics
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Complexation “on the wrong side”

Protein Electrostatics
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Complexation “on the wrong side”
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Protein Electrostatics
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Protein-polysaccharide interaction
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Salt is monovalent!!!

Protein Electrostatics
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Complex Coacervation of Whey Proteins and Gum Arabic

F. Weinbreck, R. de Vries, P. Schrooyen, and C. G. de Kruif*

Biomacromolecules, 4 (2), 293 -303, 2003

Complexation “on the wrong side”
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Complexation “on the wrong side”

Experimental behaviour
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Salt is 
monovalent!!!

Protein interactions
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Protein interactions
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How to explain it?

Weak coupling (monovalent ions)

• Screening long-range interactions
• Short-range condensation(Z→ Zeff)

• DVLO (repulsion): ~ exp(-κr)/r

STRONG coupling (multivalent ions)

• Charge reversal/“overcharging”

•Coloidal Attraction

❑ Ion-ion correlation

Sbklz  23 2=

But, salt is 
monovalent!!!

Protein interactions
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Old controversial issue…
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“Patches” (on the wrong side)
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Protein interactions
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2

Electrostatic Interactions in Structural Biophysics

Fernando Barroso – FCFRP/USP

SBBq

Águas de Lindóia – July, 2005
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2

Electrostatic Interactions in Structural Biophysics

Fernando Barroso – FCFRP/USP

SBBq

Águas de Lindóia – July, 2005

Protein Electrostatics
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Institute F.-A. Forel, Geneva - February 22, 2020

2

Electrostatic Interactions in Structural Biophysics
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SBBq

Águas de Lindóia – July, 2005
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Protein interactions
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Charge Regulation of Proteins
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direct Coulomb term induced charge-induced charge 

charge-induced charge terms

“Charge Polarizability” (or Capacitance)
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Peculiar phenomena 1
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Protein Electrostatics
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Can we observe the complex formation at pI ?

(Barroso Da Silva, Lund & Jönsson, JPCB 110, p. 4459, 2006)
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Neutral Dipole Fixed charges Charge fluctuations

(lys) (-lac)

charge fluctuations!

μ = 82 μ = 23 

Protein Electrostatics
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(-lac)

[Da Silva & Jönsson, SM 5(15) 2862 (2009)]
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Protein Electrostatics

Fernando Barroso (fernando@fcfrp.usp.br)
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Complex formation at pI
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Charge regulation: the charge contribution
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Charge regulation: the charge contribution

βA(R) =−𝑙𝐵
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charge regulation 

mechanism

repulsion

attraction
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On the pH effects…
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attraction due to charge fluctuations!

repulsion

Protein-RNA complexation driven by 
the charge regulation mechanism
FLB da Silva, P Derreumaux, S Pasquali

Biochemical and biophysical research communications 498 (2), 264-273, 2018

p19 viral protein and the 19-bp small 
interfering RNA

Antibacterial peptide L1A (IDGLKAIWKKVADLLKNT-NH2)

POPC:POPG 20:80 and pH = pI (10.5)

Only constant-pH 
simulation can capture 

this mechanism!!!

Experimental data Simulation data

Salt (mM) KP Zeta (mV) - ln K/Kref ΔpK(fixed ch) ΔpK(charge fluctuation)

10 55300 -64

150 15800 -37 1.3 0.2 1.2

[Viegas, Ruggiero & Da Silva, in preparation]

Charge regulation
Investigating the pH and ionic strength effects on the 
affinity of a cationic peptide to anionic bilayer
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Protein interactions
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• Insuline-chitosan nanocomplexation driven by pH solution.
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a) b) c)

Experimental data
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Simulation data
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Experimental data

Simulation data
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VEMMSB, Petrópolis Agosto 27, 2010

E
le
ct

ro
st

a
ti
c 

in
te

ra
ct

io
ns

Constant pH simulations
( )














+
− 

 b

Z

r

zze
w P

n

ji ij

ji

r

TK




 124

2

0

2

Titration)(10ln 0pKpHkTwE TK −=

[AART, ML & FLBDS. J. Chem. Theory Comput., 2010]
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Reproduce experimental behaviour!
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http://www.dailymail.co.uk/health/article-3433577/Brazilian-health-institute-says-discovered-Zika-saliva-urine.html

(Nature structural & molecular biology 2016; doi:10.1038/nsmb.3213)

(Cuevas, Etchebest & Barroso Da Silva, 2018)
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Highlights

• Simplified models can aid the understanding of complex 

molecular mechanisms. 

• They can also be used to design new rational applications. 

• Electrostatic selectivity in biomolecular systems is 

possible.

•The charge fluctuation is a key mechanism for the 

molecular complexation particularly at low ionic strength.

Protein interactions

Fernando Barroso (fernando@fcfrp.usp.br)

B.P.C. – DCBM/FCFRP - USP

SAIFR, March 9-15, 2020
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Protein Electrostatics
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