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Determination of the association constant
between the B domain of protein A and the Fc
region of IgG

P. Ansalone

Department of Electromagnetism, Istituto Nazionale di Ricerca Metrologica (INRIM), Strada delle Cacce 91, 10135, Torino, Italy
The aim of this work is the numerical modelling of the binding mechanism between the Fc region of human IgG interacting with
the B domain of Staphylococeal protein A (SpA). The comprehension of the involved kinetics is of noticeable impact for
ions and ibutes to increase the sensitivitv and efficiency of such devices
based on the immabilization of antibodies on biosensor surface. Brownian dynamics methodology is applied to simulate the
Fc-SpA encounter. Then, the association rates koq and ko are estimated from the analysis of the diffusional motion between
the Fc region and the B domain of SpA i with i i Therefore, the iation constant
K, between Fc and SpA s calculated. The behaviour of K, is analysed taking into account the relative distance between SpA and
the Fc fragments. The analyses also include the effects on the bindina affinity between SpA and Fc due to the variation of the
solvent ionic strength and pH values. The association rates and theif analyses are presented and discussed showing that the
binding mechanism between the SpA and the Fc fragments is enhanced by the nonpolar interaction, while dissociation is driven
by the electrostatic repulsion that occurs at relatively low pH. The ion of the ion constant will
support the definition of robust protocols for the detection of antibodies via protein A.
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Introduction

The aim of this work is the numerical modelling of the binding
mechanism and the numerical evaluation of the association
constant K, as function of the relative distance between the
Staphylococcal protein A (SpA) and the Fc regions. The SpA has
received large interest in recent years, and it has been extensively
studied in detail because of its high binding affinity towards
antibody Fc domain.l"? This protein contains a series of highly
homologous 1gG* binding domains designated as A, B, C, D
and E; all these domains can bind to the Fc portion of IgG. In this
work, the analyses are focused on the fragment B of SpA because
of its availability in complex with a human Fc fragment in a
crystallized form. The comprehension of the involved kinetics is
of noticeable interest for bio-sensing applications based on the



immobilization of antibodies on biosensor surface. The associa-
tion constant is estimated from the analysis of the Brownian's
trajectories calculated with the ‘Simulation of Diffusional Associa-
tion of proteins’ code.’! The quantitative dependence of this
parameter is taking into account with respect to the contact
distance between SpA and Fc fragments. In particular, the
residues, for all simulations, are all possible hydrogen bond
donor-acceptor contact pairs™ formed between the SpA and
Fc fragments within a distance of 6 A.

Protein description

The molecular structures here considered are extracted from the
X-ray crystallography data, PDB: 1FC2, available on the RCSB
Protein Data Bank (PDB).*”) The complex consists in a small
portion of the protein A (domain B) and one-half Fc domain of
the human IgG antibody. This system, shown in Fig. 1, is only a small
portion of the whole SpA-lgG complex, but it includes the entire
binding pocket relevant for the nonpolar and polar interactions.

Methods

The analysis is focused on the association between an
immobilized capture reagent (B domain of protein A) and its
target analyte (human IgG Fc fragment). The binding kinetics is
described by the following 1:1 stoichiometric reaction:

kon
[SpA) + [F] [spA-Fc] 0

The reaction rates k., and k¢ are obtained from the simulation
of the Brownian’s diffusional association of the two protein



fragments. The simulations of the association kinetics are
performed taking into account a nonpolar term (directly propor-
tional to the accessible surface area (653 A% of their nonpolar
atoms) and electrostatic term. The Gibbs energy for the binding
in this case is the sum of nonpolar and electrostatic (polar) contri-
butions, and it is linked to the association constant as follows:
AGbinding _ AGbinding + AGbinding _ —RTIn(Ka-[1 M]) (2)

nonpolar electrostatic



Figure 1. Cartoons and atomic model representation of the human Fc
fragment and its complex with fragment B of protein A from ‘Staphylo-
coccus aureus’ at 2.9-A and 2.8-A resolutions made by PyMol® using
the PDB structure 1FC2 from the RCSB Protein Data Bank. The green
and red B-turns represent the Fc domain; in blue, the helixes | and Il cor-



responding to the B domain of protein A, and sticks are residues moni-
tored during the simulation. The key residues for the interaction in the
protein A is the hydrophobic reg;ion formed by Phe'** and Tyr133 with po-
lar and charged residues Asn 25, Lysm’, Glnm,' Asn'*° Hism, Glums,

Arg”s, Asn'" and Lys154 around this region. In the Fc fragment, the res-

idues le*>® and Leu’" give rise to the hydroghobic interaction. Other

. 254 311, 5 317 430 . 433
polar or charged residues Ser”™, GIn Asp”™ 7, Lys™ ", Glu™", His™™,

Asn®* and His**® are located in the three B-turns at the interface.

The standard Gibbs energy change is obtained when [SpA] =
[Fcl=[Spa-Fcl=1M. The protonation states for all simulations
are determined employing the PDB2PQR Atomic charges and
radii from the specified force fields""® AMBER99 and PROPKA
pipelines to assign protonation states at different pH,l"'"* and
no energy minimization of the protein—protein complex is
performed. The relative dielectric constant of water ¢,=78.54
and the solvent ionic strength /;=[25, 50, 751 mM ion concentra-
tion of Na* and CI™ corresponding to a Debye-Hiickel length
Jon=1[19, 14, 11]1A. For the molecule region, ¢, =2, an infinite
Debye length, and a simulation box equal to [180 x 180 x 180] A®
for the finest grid. Then, in order to define a successful binding
of the structures in the 1FC2 complex, any pair of atoms in the
binding pocket within a fixed pairwise distance of 6A is listed
and subsequently screened during the simulations of 25-10°
Brownian's trajectories. The results in Fig. 2 show the relative
association constant, K, = konk-

lonic strength dependence of the association
constant



The binding process of the SpA-Fc complex shows a different
behaviour compared to the description of a purely diffusion
limited association process enhanced and driven by the protein—
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Figure 2. The plot shows the association constant K, versus contact’s dis-
tance, and the square symbols depict the behaviour according to a success-
ful binding criterion with N.=1 contact assuming three different ionic
strength /;=75mM (blue), [;=50mM (green) and /;=25mM (red). The cir-
cles describe the behaviour according to a successful binding criterion with

N, =4 contacts with the same ionic strength previously defined. The subplot
binding '\ arsus contact’s distance.

shows the electrostatic binding energy AG 7.



protein electrostatic interaction. The main reason of this difference
is the nonpolar interaction between two helixes of SpA and the Fc
fragments of the IgG. In Fig. 2, the association constant K, exhibited
by the 1FC2 complex is not altered by the variation of the ionic
strength. However, it is sensitive to the relative orientation
between the SpA and Fc fragments.

In fact, due to the orientation constraints imposed specifying
the minimum number of successful contacts N.=4, the binding

energy is AGZZ’:;’;QW = —22 kcal/mol less favourable compared
to the value for N =1, AGg’c’,’:F’)’;‘{ar = —38 kcal/mol both reached

at pH=7 and 7 A contacts distance. The association constant in
the first case is reduced by few orders of magnitude depending
on the contact distance (Fig. 2).

pH dependence of electrostatic binding en-
ergy and association constant

The effect of pH on the association constant between SpA-Fc
fragments in the TFC2 complex is also investigated. The electro-
static binding energy of the bound complex is computed for dif-
ferent pH values of the ionic environment. Looking to the net
charges at pH=7, SpA and Fc fragments carry on —5e and +2e, at
pH=5 —4e and +10e and at pH=3, +4e and +28e charges. The
Poisson-Boltzmann equation is solved using the adaptive finite dif-
ference method, and the electrostatic binding free energy is com-
puted with the APBS numerical code.l" The binding electrostatic
energy is the sum of the interaction and desolvation energy.""™



AGbinding _ AGbinding + AGbinding 3)

electrostatic electrostatic-int electrostatic-desol

The binding electrostatic energy depends on the interaction
among the charges of the Spa and Fc fragments. This value

computed in the bound state is AGI4" . = —1.67 kcal/mol at
pH=7. At pH=5, the electrostatic contribution AGgggtgmﬁc_im = —-3.54

kcal/mol is much more negative compared with the previous value.
Solution at pH =3 dramatically changes the protonation states of
the ionisable residues. In this case, all the charged residues in
the binding pocket of the SpA and Fc fragments do not bear
negative charges. These protonation states give rise to a non-
negligible intermolecular electrostatic repulsive potential
among positively charged residues Arg'®S, His'*” and Lys'**
(Fig. 3), that are the sources of the unfavourable electrostatic
binding energy AGonand, . . = 7.54kcal/mol. On the other side,
the variation of the electrostatic desolvation binding energy

AGHNG s @MONg the solvent and SpA-Fc fragments is



ARG-146

LYS-126

Figure 3. The residues are shown as dotted spheres and coloured
according to their positive or negatlve charges in blue and red,
respectively. 1FC2 rendered with PyMol.®!
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Figure 4. The plot shows the association constant K, versus contact’s

distance, and the square symbols depict the behaviour according to a

successful binding criterion with N.=1 contact assuming a pH=7 in

green and pH=3 in black. The circles depict the behaviour according to
a successful binding criterion with N.=4 contacts with the same pH pre-

viously defined.

unfavourable, to the binding process, for pH equal to 3, 5 and 7
upon binding. Hence, the behaviour of the association constant
is modulated and remarkably dependent from the protonation
states of few residues in the 1FC2 complex. It has been calculated
the association constant for two values pH =3 and pH=7 (Fig. 4).
Also in this case, the variation of the pH on the simulated statisti-
cal ensemble of Brownian’s trajectories affects the association
constant changing it approximately of two orders of magnitude.
Subsequently, the closest contact distance between SpA and Fc
fragments is influenced by the pH. For pH=3, the distance is



nearly 12A, that is, two times the distance reached at pH=7.
Hence, low pH environment leads to a decrease in affinity of the
SpA-Fc fragments due to their electrostatic repulsion.

Conclusions

The work presented here has analysed the effects of solvent ionic
strength and pH variation on the association constant between
SpA and Fc fragments. The same effects can be explained through
the electrostatic energy too. For ionic strength ranging from 25 to
75 mM, the association constant between helixes | and Il of SpA
and Fc is independent of the salt concentration. Moreover, K, is
sensitive to the relative orientation between the two proteins. This
effect is highlighted by the different values of K, obtained with dif-
ferent number of contacts observed at each specified distance for
each pair of reaction atoms. In particular, for N.=1, the complex
SpA-Fc collides, whereas for N =4, the SpA-Fc fragments are tac-
itly steered in the correct direction."® It has been also found that
the pH affects the interactions in the binding pocket of SpA-Fc
fragments by different mechanisms. At pH 5 or 7, the electrostatic
interaction energy of the bound complex is favourable, and the as-
sociation constants are much higher for every contact distance of
the monitored residues if compared with the value obtained at
pH=3 due to the unfavourable electrostatic interaction energy. In
fact, the SpA and the Fc fragments both host neutral or positively
charged residues due to the assigned protonation states at pH=3;
as a consequence, all favourable electrostatic interactions among
charged residues found at ph =5 and 7 are completely destroyed.
Furthermore, the repulsion of certain residues in the SpA-Fc
complex becomes the driving force for the unbinding mechanism.
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