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Table 1 Calculated and experimental pKa values of three proteins.

nputational
Residue Experiment GB All-atom CpHMD Implicit method YIS [l‘f“y/
0-1 0-5 510 010
HP36 i
Aspd4 31001 320 20 30 2605 31 N
Glud5 3.95(1) 35(1) 43 45 441 45 \l : &
Aspd6 3.45(12) 35(1) 24 37 3.1(6) 38
Glu72 4.37(3) 3.5(1 44 44 440 3.5
» v v FPTS
& BBL
£ Aspl29 3.88(2) 32000 22 3.2 2.1(5) 3.7
i Glul41 4.46(4) 43000 40 44 4200 38
9 His142 6.47(4) 7100 59 58 580 6.5
X Faster, reasonable well, but it can be improved!
: ABPIDL 2. Lo ) 2 2] L 4
+ Gluled 4.50(3) 45(1) 57
S His166 5.39(2) 541 44
S HEWL
0 Glu7 2.6(2) 2.6(1) 36
= His15 5.5(2) 535 5.1
Q. _AspIS_ 283 . 290 _ 25 __ 33 __ 23
= I Glu3s 6.1(4) 4.4(2) 8.5 «
o Asplg™" ~ """ TT7 7 - """""777 26T B (1 A TS I | X1
O AspS2 3.6(3) 46(0) 54
Aspob 1.2(2) 1.2(4) 0.6
Asp8T 2.2(1) 2001) 08
Aspl01 45(1) 333 6l
Aspl19 3.5(3) 25(1) 3.0 o
Maximum absolute deviation 1.8 2.4 JSP
Average absolute deviation (RMS deviation) 0.5 1.0 2020
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New CpH MD scheme

Simulation of protein conformational freedom as a function of pH:

constant-pH molecular dynamics using implicit titration

Antonio M. Baptista, Paulo J. Martel & Steffen B. Petersen
FROTEINS: Structure, Punction, and Genetics 275257544 (1997

MD | — | MEAD
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Fast constant-pH computational scheme

A coarse-grained protein force field for folding
and structure prediction

Julien Maupetit," P. Tuffery,' and Philippe Derreumaux™ proeins 2007; 69394 408,

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

Fernando Barroso, FCFRP/USP
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Importance of the lon-Pair Interactions in the OPEP Coarse-Grained Force '®' ©emputational
Field: Parametrization and Validation r1emistry

Fabio Sterpone*f, Phuong H. Nguyent, Maria Kalimeritf, and Philippe Derreumauxti

T Laboratoire d2 Biochimie Théorique, IBPC, CNRS, UPR9080. Université Paris Diderot, Sorbonne Paris Cité, 13 rue
Pierre et Marie Curie, 75005, Paris, France

¥ Institut Universitaire de France, Bvd St Michel, 75005, Paris. France

J Chem. Theory Compot., 2013, 9 (10), pp 45744584
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FPTS

(/0% increases cpu costs
et )y

Increases accurac

- . .

Calculated and Experimental pK, Values of the NTL9 /\':’:3 E@
residue expt” GB" all-atom REX-CPHI\-'LD[’ SBM“ propKa FI:"I"SH-&M“!’E OPEP6"*
ASP8 3.0 3.19(20) 2.83(7) 1.9 3.84 2.61 3.04(51)
GLU17 3.6 3.67(13) 3.57(14) 3.0 4.47 291 2.69(99)
ASP23 3.1 2.11(11) 2.75(16) 32 2.83 3.58 3.63(14)
GLU38 4.0 3.70(19) 3.38(30) 3.6 4.71 4.07 3.25(83)
GLU48 4.2 3.74(20) 3.47(17) 3.5 4.62 3.53 3.55(15)
GLUS54 4.2 3.64(8) 3.65(22) 3.4 4.57 3.83 3.63(16)
MAXe 1.0 1.2 1.1 0.9 « 0.7 « 0.9 «
AAD 0.4 0.4 0.6 0.6 0.4 0.6
RMSE 0.5 0.6 0.7 0.6 0.5 0.6

“Data taken from ref 79. "Data taken from ref 66. “Data taken from ref 38. Tymsmes were not free to titrate as a function of solution pH. “The
data for OPEP6 is the average from 10 independent 10 ns trajectories. TSalt concentration is 100 mM.

(FLBDS, FS & PD, JCTC 2019)
Fernando Barroso, FCFRP/USP
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(4
;‘5‘ Conformational
. changes + titration

. %. - . .
Heba
ks

Convergence OPEP6

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

Protonation states Protonation states
pH 4.5 pH = pKa

0—® Aspdd (pH3.8) o

@—® Glud5 (pH4.5)
0.8 ©—0 Asp46 (pH 3.7) =
@—® Glu72 (pH 3.8)

<X.>
<X.>

4 8 12 16 20 24 4 8 12 16 20 24
simulation time (ns) simulation time (ns)

(FLBDS, FS & PD, JCTC 2019)
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Conformational changes in cubic insulin crystals in the pH range 7-11 %
Olga Gursky, John Badger, Youli Li, and Donald L. D. Caspar Ve g3 Nmaer 1902 th10-1220

TABLE2 Relative weights of multiple protein conformers at different pH and solvent cation concentrations for protedn groups from four
regions: (1) A5 Gin and AS Ser that gates cation binding in the cavity between the insulin dimers; (2) A4 Gilu and B30 Ala carboxyls
interacting with A1 Gly «-amino group; (3) B10 His that can compete for a binding site with a cation; (4) B25 Phe and A21 Asn paired
across the dimer dyad

Regions with variable weights of alternate protein conformers

Cation
concentration pH A5 Gln, A9 Ser-cavity B30, Ad Glu, Al a-armino B10 His-Na* site B25 Phe, A2l Asn
M GLN-5A, SER-9A
Gm D,T 15 T 1 I
0.1 Naor K 7 Closed 0.3 I I i
— pH 10
8 Open 0.3
Closed 0.7 - -
9 Closed =0.7
10 Closed 1.0 . || il ‘ 1
1.0 Na 7 Closed =0.7 l W l ‘I m ‘ ’l“” Jlll . ’| ’r‘ II} u |
| | IR0 ‘ '
9 Closed 1.0 | : ‘
11 Closed 1.0

0 5 10 15
time (ns)

(FLBDS, FS & PD, JCTC 2019)
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Electrostatic interactions

So simple?!
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Peculiar phenomena 1
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Fundamental interactions

Like charges should repel each other?

FPositive Charge

Megative Charge

Fernando Barroso, FCFRP/USP

SAIFR - March 9-15, 2020

I Nature shows this is not truel!
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Schematic representations of uncondensed and condensed
F-actin. (A) At low multivalent ion concentrations, two F-actin
filaments maintain their native 13/6 symmetry and are
unbound. (B) At high multivalent ion concentrations, the ions
collectively form a CDW and bundle F-actin filaments.

Fernando Barroso, FCFRP/USP

SAIFR, March 9-15, 2020
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PHYSICS TODRY
DNA-INSPIRED

ELECTROSTATICS

Not just the repository of our genetic information, DNA is also a fascinating,
shape-shifting molecule whose behavior in solution counters our intuition
and challenges our physical understanding.

William M. Gelbart, Robijn F. Bruinsma, Philip A. Pincus, and V. Adrian Parsegian

t ‘ X
DNA-INSPIRED ELECTROSTATICS

Protein interactions B.P.C. — DCBM/FCFRP - USP
Prof. Fernando Luis Barroso da Silva (fernando@fcfrp.usp.br) SAIFR - March 9-15, 2020
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Monomer charge

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

for different valency of the counterions. (Khan & J6énsson, 1999)
Protein interactions B.P.C. — DCBM/FCFRP - USP
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786 Langmuir 2005, 21, 786—789

“Like-Charge Attraction” between Anionic
Polyelectrolytes: Molecular Dynamics Simulations

Ferenc Molnar* and Jens Rieger

BASF Aktiengesellschaft, Polymer Physics, Carl-Bosch Str. 38, 67056 Ludwigshafen, Germany

Received August 2, 2004. In Final Form: October 14, 2004

“Like-charge attraction” is a phenomenon found in many biological systems containing DNA or proteins,
as well as in polyelectrolyte systems of industrial importance. “Like-charge attraction” between polyanions
is observed in the presence of mobile multivalent cations. At a certain limiting concentration of cations,
the negatively charged macroions cease to repel each other and even an attractive force between the anions
is found. With classical molecular dynamics simulations it is possible to elucidate the processes that govern
the attractive behavior with atomistic resolution. As an industrially relevant example we study the interaction
of negatively charged carboxylate groups of sodium polyacrylate molecules with divalent cationic Ca®*"
counterions. Here we show that Ca?" ions initially associate with single chains of polyacrylates and strongly
influence sodium ion distribution; shielded polyanions approach each other and eventually “stick” together
(precipitate), contrary to the assumption that precipitation is initially induced by intermolecular Ca®*

hridging.
7 ns
]
Ca %
Protein interactions B.P.C. — DCBM/FCFRP - USP
Prof. Fernando Luis Barroso da Silva (fernando@fcfrp.usp.br) SAIFR - March 9-15, 2020
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Protein-protein interaction
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From Biological Physics to
Material Sciences

9212 Langmuir, Vol. 21, No. 20, 2005

|

Figure 1. Schematic drawing of early cement paste with sand,
C3S particles drawn as hatched, approximately spherical objects,
and C—S—H platelets drawn as black bars. (Left) At an early
stage, water has been added, and the CaS particles have formed
a weak network. C3S has also started to go into solution, and
the precipitation threshold of C—S—H has been reached. The
C—S—H particles form preferentially close to the contact points
of the CaS particles. (Right) At a later stage, a significant portion
of C3S has dissolved, and a corresponding amount of C—S—H
has been created. The contact points between the C3S grains
mediated by the C—S—H particles has increased in number,
and so has the cohesion of the paste.

. ' .
150 \\ o e oor '|| "o
0 Ca™ i *, 0 Ca®"
1} ao}
2 \.\ : \,‘.
X r T Ty
.

/
_M-ia 0.73 7/nm* | & » oo

-1 : : : - -80
1 2 3 4 5 6 1 2 3

D [nm:

Fig. 4 - Primitive model calculation of the pressure between two negatively charged
walls separated by sodium or calcium ions in water. The surface charge density is
that of a smectite clay on the left and that of a Tobermorite-like C-S-# with all its
OH groups ionized on the right. The repulsive osmotic pressure dominates the
overall interaction in the case of sodium, whereas it is more than compensated by the
attractive correlations forces, at short separation distances, in the case of calcium.
Note that in this pressure vs distance representation, the equilibrium positions do not
correspond to the minima, but at the roots (P = 0} where the first derivative dP/dx is
negative.

Materials and Structures / Concrete Science and Engineering, Vol. 37, January-Febrtmry 2004, pp 3-14

Protein interactions
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Langmuir 2005, 21, 9211-9221

Controlling the Cohesion of Cement Paste
Bo Jonsson,*" A. Nonat,* C. Labbez,* B. Cabane,’ and H. Wennerstrom'

Theoretical Chemistry, Chemical Center, POB 124, S-221 00 Lund, Sweden, LRERS,
UMR CNRS 5313, Universite de Bourgogne, F-21078 Dijon Cedex, France, PMMH, ESPCI,
10 rue Vaugquelin, F-75231 Paris Cedex 05, France, and Physical Chemistry 1,
Chemical Center, POB 124, S-221 00 Lund, Sweden

Received April 19, 2005. In Final Form: July 8, 2005

The main source of cohesion in cement paste is the nanoparticles of calcium silicate hydrate (C—S—H),

which are formed upon the dissolution of the original tricaleium silicate (CsS). The interaction between
highly charged C—S—H particles in the presence of divalent calecium counterions is strongly attractive
because of ion—ion correlations and a negligible entropic repulsion. Traditional double-layer theory based
on the Poisson—Boltzmann equation becomes qualitatively incorrect in these systems. Monte Carlo (MC)
simulations in the framework of the primitive model of electrolyte solution is then an alternative, where
ion—ioncorrelations are properlyincluded. In addition to divalent calcium counterions, commercial Portland
cement contains a variety of otherions (sodium, potassium, sulfate, etc.). The influence othigh concentrations
of these 1onic additives as well as pH on the stability of the final concrete construction is investigated
through MC simulations in a grand canonical ensemble. The results show that calcium ions have a strong
physical affinity (in opposition to specific chemical adsorption) to the negatively charged silicate particles
of interest (C—S—H, C3S). This gives concrete surprisingly robust properties, and the cement cohesion is
unaffected by the addition of a large variety of additives provided that the calcium concentration and the
C—S—H surface charge are high enough. This general phenomenon 1s alzo semiquantitatively reproduced
from a simple analytical model. The simulations also predict that the affinity of divalent counterions for
a highly and oppositely charged surface sometimes is high enough to cause a “charge reversal” of the
apparent surface charge in agreement with electrophoretic measurements on both CsS and C—5S—H particles.

Protein interactions
Prof. Fernando Luis Barroso da Silva (fernando@fcfrp.usp.br)
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The electrostatic world of (biological) molecules

(L e RE e

Weak COUDlinq (monovalent ions) ‘ :‘_ :_,_ -«,:_--: i .-‘n.;h:‘r: -

« “Screening” long-range interactions

« Condensation at short distances (Z— Z.)

* DVLO (repulssion): ~ exp(-xr)/r

STRONG coupling

(multivalent ions)

* Charge reversal/““overcharging”

 Colloidal

Protein interactions
Fernando Barroso (fernando@fcfrp.usp.br)
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Complexation “"on the wrong side”

Food Chemistry 156 (2014) 197-203

Contents lists available at ScienceDirect

. CHEMISTRY
Food Chemistry
journal homepage: www.elsevier.com/locate/foodchem T
Cold-set whey protein microgels as pH modulated immobilisation @Cmm

matrices for charged bioactives

Thelma Egan, Dolores O'Riordan, Michael O'Sullivan, Jean-Christophe Jacquier *

Institute of Food and Health, School of Arriculure and Food Sdence, University College Dublin, Belfield, Dublin 4, Ireland
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Complexation "on the wrong side”
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Protein-polysaccharide interaction
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27 2320, zO!!D Complexation "on the wrong side”

Complex Coacervation of Whey Proteins and Gum Arabic
F. Weinbreck, R. de Vries, P. Schrooyen, and C. G. de Kruif* &Y

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

Protein interactions

[L. Caseli et al; Langmuir 2008, 24, 4150-4156]

Experimental behaviour

Fernando Barroso, FCFRP/USP
SAIFR, March 9-15, 2020
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Association of complexes?
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But, salt is
monovalentlll

Weak COUDlinq (monovalent ions)

* Screening long-range interactions
» Short-range condensation(Z— Z.)
* DVLO (repulsion): ~ exp(-kr)/r

— 312

STRONG COUDlinq (multivalent ions)

* Charge reversal/“overcharging”
«Coloidal

a lon-ion correlation

Protein interactions B.P.C. — DCBM/FCFRP - USP
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Emmanuel TRIZAC

p-

f Professor London has informed us that he also obfained an approximate expres-
© . sion for the interaction energy of two colloidal particles which is similar to ours.
‘.Y, [---] He got the peculiar result that on the basis of Debye-Hiickel theory, two simi-
/12 larly charged colloidal particles attract each other at large distances. [...| His

1 calculations have, so far, not been published due fo certain objections raised by H.
-+ 1 Kallmann, which we cannot consider fo be valid any longer.

1A S. LEvVINE et G. DUBE, 1939

R l-*-*j In a series of papers, Levine and Dube treated of the interactions of spherical

particles [...]| They derived —unfortunately using a wrong method— equations for
the potential energy of interaction. [...] The atfraction at relatively great distances

) s aresult of a fallacious expression for the free energy. The general principles [.-.]

i # *,3 were erroneous.

< 'HI"- J

' <4

& E. VERWEY et J. OVERBEEK, 1948 |

™
Protein interactions B.P.C. — DCBM/FCFRP - USP
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- 4 Home | F] FORCES BETWEEN PROTEIN MOLECULES IN SOLUTION
ARISING FROM FLUCTUATIONS IN PROTON CHARGE =
e AND CONFIGURATION*
Table B
By JonN G. KIRKWOOD AND JOHN B. SHUMAKER
HE'””””E: STERLING CHEMISTRY LABORATORY, YALE UNIVERSITY, NEW HavEN, CONNECTICUT
o Communicated July 23, 1952 )
Warren P. -

he The forces between protein molecules in solution are in large part elec-
trostatic in origin. Evidence for the dominant role of electrostatic forces

A2 is provided by the marked effect of ionic strength on the thermodynamic
-] interaction of proteins. Thus, the commonly observed reduction in
e interaction produced by the screeming action of the statistical space
tn{ charge of the ions of an electrolyte would only be effective on that part
1 of the force between protein molecules, which is electrostatic in origin.
At values of pH departing from the isoionic points of the molecules in

o G'F: | question, a simple Coulomb force, determined by their net electric charges,

‘11 is predominant. This force is non-specific and is sensitive to molecular
e o] Structure only in so far as structure influences the net charges. When one
- an] or both of a pair of protein molecules are at their isoionic points, structure

" sensitive electrostatic forces come into play. These forces have been
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excess chemical potential at protein concentrations of the order of several
per cent.

The present analysis of the attractive force between proteins arising
from fluctuations in charge and configuration of mobile protons is neces-
sarily schematic because of lack of knowledge of the details of protein
structure. Although it is a force of long range at low ionic strength, it
appears to exhibit specificity only through the influence of structure on
the fluctuations. It is clear, however, that highly specific interactions
might well arise from the mechanism of interaction, which has been de-
scribed. In favorable orientations, steric matching of a constellation of
basic groups on one molecule with a complementary constellation on the
other could conceivably produce a redistribution of protons leading to a
strong and specific attraction depending upon the local structural details
of the complementary constellations. As an extreme example it is possible
to imagine proton fluctuations to be frozen in such a manner as to produce
an intermolecular zwitterion, with matching areas of pogitive and negative
charge on complementary areas of the two molecules. Such considerations
relating to specificity of the fluctuation force must necessarily remain
speculative until detailed knowledge of structure is available.

In conclusion, the authors wish to acknowledge their indebtedness to
Julian M. Sturtevant for interesting discussions during the course of this
investigation.

* This investigation was in part supported by the office of Naval Research.
! Kirkwood, J. G., and Shumaker, J. B., these PROCEEDINGS 38, 855-862 (1952).
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FORCES BETWEEN PROTEIN MOLECULES IN SOLUTION
ARISING FROM FLUCTUATIONS IN PROTON CHARGE
AND CONFIGURATION*

By JonN G. KIRKWOOD AND JOHN B. SHUMAKER

STERLING CHEMISTRY LABORATORY, YALE UnIvErsiTY, NEwW HaAavEN, CONNECTICUT

Communicated July 23, 1952

The forces between protein molecules in solution are in large part elec-

Frs

1]

pteins. b ) ﬂ
o ———— . 1582098 I [ . . R 2
In10 épH d by 1 AAR) B5 ~ > R:[C.fcs C.{Q:) 03<Q.1>]
e of an el \ )
of the force between prote Yy, 4

At values of pH departing
question, a simple Coulomb , ) s
is predominant. This force is non-specific and is sensitive to molecular
structure only in so far as structure influences the net-charges.-—When one
or both of a pair of protein molecules are at their, isoionic points,i structure
sensitive electrostatic forces come into play. “These forces Have been

direct Coulomb term
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IB QA QB |§ 2 2 2 2
"“ < F\?< >_ [<QA><QB>_<QA> <QB> ]

2R?

“Charge Polarizability” (or Capacitance)J
2 1 0
C=(Q*)-(Q) @ Q ®

(2)

[c.Co +Ca(Qs )2 +Co (@)

direct Coulomb term

[F. L. B. da Silva et al; J. Phys. Chem. B 2006, 110, 4459-4464]
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CpH model for
protein-polyelectrolyte

Association of complexes?
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AE = AE. £KT In10(pH - pK,)

(GLU: Ky=4.4; ASP: K,=4.0)

® Hamiltonian - Particle / and j

00 Jifr <(R +R))
_ zze’ :
u,(r,) — 1 otherwise
Adr ¢ g.1.

07S ij

® Cell boundary constraint

v(r) = 0, if(R+R)<r <R,
] o0, otherwise

-
v

° : :
® Bond constraint Full configurational energy

Nc+Ng+N

UBond(I‘ )—E(|r—r |2) ex I v - Bond
Liet Mt 7o A i U({I’k}): Z Vv (ﬁ)+§zzuij(ﬁj)+ Zui,i+1 (Fi)

i=1 i=1 j=1 i=Np+Ng+N,

0
-
S
-
O
C
3
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-
=
=
(\Y
et
O
38
(a 18

(K =K(b); b=5A and K=11.0 10-3N/m )
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Can we observe the complex formation at pI ?

I 2
ﬁA(R)z B<QA><QB> _ IB

C R 2R?
H 8 - I . I .
1.7

lcaCo+C Q)2 +Co(Q0)]

1.0

4.6

lysozyme
o-lactalbumin |
p-lactoglobulin 100

R (A)
(Barroso Da Silva, Lund & Jonsson, JPCB 110, p. 4459, 2006)
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o NHi\‘ L ¢ t (N E., w5 MUTALLONS (pi = pi=415)
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] | ] | ]
0 50 100 150
R. de ries {
J. Chem. Phys., val. 120, No. 7, 15 February 2004 R (A)
[Da Silva & Jénsson, SM 5(15) 2862 (2009)]
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(Da Silva & Jonsson, Soft Matter, 2009)
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residues pl C p

albumin 585 5.5 3.2 207 203 s 7 9 1
a-lactalbumin® 123 4.8 1.5 101 "
a-lactalbumin®* 123 5.4 1.0 82

#-lactoglobulin®™* 324 4.5 4.5 128

insulin 41 5.4 0.4 49

k-casein? 169 5.9 1.3 151

lysozyme® 120 10.9 1.7 24

pectin methylesterase 319 9.5 24 60

a-lac® (mutation K62) 123 5.0 1.2 78
a-lac? (mutation K04) 123 5.0 1.3 69

(Da Silva & Jonsson, Soft Matter, 2009)

a-lac? (mutation K98) 123 5.0 1.2 65
a-lac? (mutation HG8) 123 5.0 1.2 74
a-lac? (mutation R70) 123 5.0 1.2 65
1€ >
a-lac? (all 5 mutations) 123 4.1 2.5 61 ’ Reen
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Complex formation at pI

=
residues pl C p |-BA(R) R = ]
albumin 585 5.5 3.22097 158 25 -
a-lactalbumin® 123 48 15101 6.0 16 =
a-lactalbumin®* 123 54 1.0 82 6.1 19
3-lactoglobulin®* 324 4.5 45128, 102 22 =
insulin 41 5.4 04 49| 26 22 %
k-casein? 169 59 1.3 151 4.7 27 g
lysozyme® 129 109 1.7 24 23 25 S
pectin methylesterase 319 9.5 2.4 60 6.7 24 (E
a-lac? (mutation K62) 123 5.0 1.2 78 4.1 21 g
a-lac? (mutation K94) 123 5.0 1.3 69 3.4 22 :,H:
a-lac? (mutation K98) 123 5.0 1.2 65 2.7 24 %
a-lac? (mutation H68) 123 5.0 1.2 74 3.6 19 é
a-lac? (mutation R70) 123 5.0 1.2 65 35 19 |
a-lac? (all 5 mutations) 123 4.1 2.5 61 6.9 16 K Rica >
. ‘ | {(Z), 2 72 [ C (ﬂ-)g
Complex formation at pI -‘jA(R)MBZﬂ( R )"*Bzﬂ 22 T GR!
residues pI C p |-BA(R) R|\R, + R, —BA,c; —BAuip Aveg/Adip
albumin 585 5.5 3.2297| 158 25 81 5.5 7.7 0.7
a-lactalbumin® 123 48 15101 6.0 16 BT 5.0 3.3 1.5
a-lactalbumin 123 54 1.0 82 6.1 19 58 3.3 2.2 1.5
3-lactoglobulin®* 324 4.5 45128 10.2 22 73 0.4 2.1 4.4 .
insulin 41 54 04 49| 26 22 51 1.7 1.3 1.3 %
k-casein? 169 59 13151 47 27| &4 2.0 1.7 1.2 §
lysozyme® 120 10917 24| 23 25 H8 5.6 0.2 20.8 S
pectin methylesterase 319 95 2.4 60 6.7 24 68 5.8 0.6 0.2 i
a-lac? (mutation K62) 123 50 1.2 78 4.1 21 58 4.0 2.0 2.0 g
a-lac? (mutation K94) 123 50 1.3 69| 34 22 58 4.3 1.6 2.8 :,H:
a-lac” (mutation K98) 123 50 1.2 65 2.7 24 H8 4.0 14 2.9 %
a-lac? (mutation H68) 123 50 1.2 74| 36 19 H8 4.0 1.8 2.2 é
a-lac” (mutation R70) 123 5.0 1.2 65 35 19 H8 4.0 1.4 2.9
a-lac? (all 5 mutations) 123 4.1 2.5 61 6.9 16 H& 8.3 1.2 6.8
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Z , [ C )2
Complex formation at pI PARI~isZ (( : D) ~Z: g éﬁf
residues pI C p |-BA(R) R|\R, + R, —BA,c; —BAuip Aveg/Adip

~albumin % 5532207 158 %[ 81 55 17 07 (F!

" olactalbumin® 123 48 15101| 60 16| 57 50 33 15
a-lactalbumin®* 123 54 1.0 82 6.1 19 58 3.3 2.2 1.5
3-lactoglobulin®* 324 45 45128 102 22 73 9.4 2.1 4.4 =
insulin 41 54 04 49| 26 22 51 1.7 1.3 1.3 %
k-casein? 169 59 1.3 151 4.7 27| &4 2.0 1.7 1.2 g

lysozymet 20 10017 24| 23 2] 58 56 02 208 (@) %

" pectin methylesterase 319 9.5 24 60| 67 24| 68 58 06 92 %
a-lac® (mutation K62) 123 50 1.2 78 11 21 58 4.0 2.0 2.0 g
a-lac® (mutation K94) 123 50 1.3 69| 34 22 58 4.3 1.6 2.8 :,H:
a-lac® (mutation K98) 123 5.0 1.2 65 27 24 58 4.0 1.4 2.9 %
a-lac® (mutation H68) 123 50 1.2 74| 36 19 58 4.0 1.8 2.2 éc,
a-lac® (mutation R70) 123 5.0 1.2 65 35 19 H8 4.0 14 2.9
a-lac? (all 5 mutations) 123 4.1 2.5 61 6.9 16 H& 8.3 1.2 6.8
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Charge regulation: the charge contribution

BAR) =—1% Z* (

169

PA(R)

\

5(0000s) 15

R 2R~

)

4

direct Coulomb term

C

i)

2R?2

g(r)*r**z

[C_.zcs i C.-: <Q3 >2 5 C3<Q-!>:]

2e+08 -

1e+08

100

150

(Acken, Santiso and Barroso da Silva, under preparation)
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Charge regulation: the charge contribution

15{0 . )05 )

A(R) =
PA(R) =

\ )
) 4

direct Coulomb term

N zl}B:: [C_.ZCB 80, 1, <Q-4>:]

paR) =13 27 (555) T

2R?2

2x1 l)4 —

2:10*

g(r)*r**2

1x10*

5x1 03

—_
I~

N
iy

(Acken, Santiso and Barroso da Silva, under preparation)
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W | attraction — pHT
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a1, 10000
%
5000
One
0
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(Acken, Santiso and Barroso da Silva, under preparation)
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Ka shifts
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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

Free energy of interactions
charge regulation mechanism
] 1 | 1 | 1 | 1

fixed charges -
charge fluctuation _|

p19 viral protein and the 19-bp small = -
interfering RNA

Titration - -

PDB id 119f - 100mM NaCl rePUISion

20 T T T 32_ -
| E /
1 L |

-401= 7] ql ] 1 ] 1 ] 1
i i 25 50 75 100
. . | . r(A)
60

5 10 15

PH attraction due to charge fluctuations!

Fernando Barroso, FCFRP/USP
NCSU - June 5, 2019
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Charge regqulation

Investigating the pH and ionic strength effects on the
affinity of a cationic peptide to anionic bilayer

r-r T T T

08

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

06
o

Antibacterial peptide L1A (IDGLKAIWKKVADLLKNT-NH2) ..

02

0

5 10

oM
Experimental data Simulation data
Salt (miV) Ko, Zeta(mV) -InK/K_. ApK(fixedch) ApK(charge fluctuation)
10 55300  -64
150 15800  -37 [ 13 ) 0.2 1.2 ]

7™\

\

Q\/ - SO
>~ Only constant-pH ,
simulation can capture

this mechanismill

[Viegas, Ruggiero & Da Silva, in preparation]
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Langmuir 2004, 20, 2785—2791 2783

Electrostatic Free Energy of Weakly Charged
Macromolecules in Solution and Intermacromolecular
Complexes Consisting of Oppositely Charged Polymers

1€S...

P. Maarten Biesheuvel* and Martien A. Cohen Stuart

Laboratory of Physical Chemistry and Colloid Science, Wageningen University, Dreijenplein 6,
6703 HEB Wageningen, The Netherlands

Received November 24, 2003. In Final Form: January 28, 2004

lar stud

When oppositely charged polyelectrolyies are mixed in water, attraction between oppositely charged
groups may lead to the formation of polyelectrolyte complexes (associative phase separation, complex
coacervation, interpolymer complexes). Theory is presented to describe the electrostatic free energy change
when ionizable (annealed) (macro-)molecules form a macroscopic polyelectrolyte complex. The electrostatic
free energy includes an electric term as well as a chemical term that is related to the dissociation of the
ionic groups in the polymer. An example calculation for complexation of polyvacid with polybase uses a
cylindrical diffuse double layer model for free polymer in solution and electroneutrality within the complex
and calculates the free energy of the system when the polymer is in solution or in a polyelectrolyte complex.
Combined with a term for the nonelectrostatic free energy change upon complexation, a theoretical stability
diagram is constructed that relates pH, salt concentration. and mixing ratio, which is in qualitative agreement
with an experimental diagram obtained by Bungenberg de Jong (1949) for complex coacervation of arabic
gum and gelatin. The theory furthermore explains the increased tendency toward phase separation when
the polymer becomes more strongly charged and suggests that complexation of polyacid or polybase with
zwitterionic polymer (e.g., protein) of the same charge sign (at the “wrong side” of the iso-electric point)
may be due (in part) to an induced charge reversal of the protein.
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pH-dependent
responsive mechanisms

* Insuline-chitosan nanocomplexation driven by pH solution.

® Non electrostatic interactions “

Dimenc |

l‘!

‘P senssnna,,
o o,
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- | | 1 | S | | | | | | |
Controlled-Release n 5 2 ¥ @ $ & F 3 b W A
Drug Delivery System t s pH
i % Hexamenc |
, :
1 %
AN 2% o/
Electrostatic macromolecular interactions
CS chan
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[Silva, Perez, Martinez & Barroso Da Silva, JCTM 2020]

[Silva, Perez, Martinez & Barroso Da Silva, JCTM 2020]
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Laboratory of Computational
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Spidroins

Reproduce experimental behaviour!
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http://www.dailymail.co.uk/health/article-3433577/Brazilian-health-institute-says-discovered-Zika-saliva-urine.html

Zika virus NS1 structure reveals
diversity of electrostatic surfaces
among flaviviruses

Hao Song!, Jianxun Qi', Joel Haywood!, Yi Shi'-> & George F Gao'-¢

The association of Zika virus (ZIKV) infections with microcephaly
has resulted in an ongoing public-health emergency. Here we
report the crystal structure of a C-terminal fragment of ZIKV
nonstructural protein 1 (NS1), a major host-interaction molecule
that functions in flaviviral replication, pathogenesis and immune
evasion. Comparison with West Nile and dengue virus NS1
structures reveals conserved features but diverse electrostatic
characteristics at host-interaction interfaces, thus possibly
implying different modes of flavivirus pathogenesis.

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

e Simplified models can aid the understanding of complex
molecular mechanisms.

e They can also be used to design new rational applications.
e Electrostatic selectivity in biomolecular systems is
possible.

eThe charge fluctuation is a key mechanism for the
molecular complexation particularly at low ionic strength.

Protein interactions
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