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ABSTRACT 
 
Therapeutic and diagnostic treatments based on 

monoclonal antibodies have been attaining an increasing 
importance in the last decades, but their large scale 
employment requires the optimization of production and 
purification processes. To obtain this goal, research is 
focusing on affinity chromatography techniques and the 
development of new synthetic ligands. Usually the 
computational design of affinity ligands does not take into 
account the presence of the support material, which might 
directly interact with the antibody. In order to investigate 
the influence of support and spacer on the binding 
chemistry, MD simulations of the support-spacer-ligand-
IgG system were performed. The results were compared 
with experimental data and revealed that the interaction of 
the ligand with spacer and support can actually affect the 
binding process. The energetic analysis of the simulations 
results helped to identify the origin of such specific 
interactions. 
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1 INTRODUCTION 
 
Monoclonal antibodies, and immunoglobulin G (IgG) in 

particular, are gaining an increasing importance in 
diagnostic and therapeutic treatment of acute diseases such 
as immunodeficiency, Alzheimer’s syndrome and cancer 
[1,2]. The production of these pharmaceuticals and 
especially the purification step, however, are still too 
expensive to ensure their large scale consumption. 

Affinity chromatography is one of the most employed 
methods for IgG purification, based on the development of 
specific interactions between the antibody and a ligand. 
Protein A and protein G are among the most common 
affinity ligands used at present, thanks to their high binding 
capacity, but they present elevated costs for their isolation, 
leakage and contamination problems and low stability to 
sterilization [3]. Thus, synthetic ligands are being 
researched to improve the purification process, by means of 
combinatorial chemistry and computer-aided molecular 
design [4-7]. 

Usually the computational design of new ligands for 
proteins is performed neglecting the effect of a support on 
which the target molecule might be adsorbed. However it is 
known that the support and the chemical composition of a 
spacer arm can affect the protein binding process. In a 
previous publication [8], Busini et al. demonstrated that 
ligands bound to a support through spacers of different 
length and chemical composition can significantly interact 
with the support itself. Such interaction is influenced by the 
spacer physical and chemical properties and can lead to a 
conformational change of the system in which the ligand, 
instead of being uniformly solvated by water, can adsorb on 
the support. It was shown that the driving forces for this 
conformational change are van der Waals interactions 
between ligand and support. This is determined by the fact 
that ligands for monoclonal antibodies are known to 
interact mostly with a particular binding site of IgG, usually 
referred to as ‘the consensus binding site’, which is 
characterized by a high conformational mobility and the 
capability to have hydrophobic interactions [9]. Thus, in 
order to investigate whether the presence of a support can 
influence the ligand binding chemistry, MD simulations of 
the support-spacer-ligand-IgG system were performed. 
 

2 METHOD AND THEORETICAL 
BACKGROUND 

 
The molecular model here studied is composed of four 

parts: support, spacer, ligand and protein. Support, spacer 
and ligands are covalently bonded and can have 
electrostatic, van der Waals and hydrophobic interactions 
with the protein. 

Agarose was the choice for the model support, as it is 
widely used as substrate in protein purification for its 
particular properties, among which its particular gelling 
characteristics, chemical and thermal stability, and the 
presence of several hydroxyl groups available for activation 
and derivatization. The model adopted for agarose was first 
introduced in our previous publication [8]; it  consists in 
two intertwined double helixes of 108 units held stretched 
by restrains applied on terminal residues. 

The ligand considered in this study is a di-substituted 
aminophenol derivative of tri-chlorotriazine, that was 
discovered in ProMetic’s laboratories through screening of 
combinatorial libraries. In the following this ligand will be 
referred to as A2P [7]. This molecule is slightly 
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hydrophobic and possesses hydroxyl groups with which it 
binds the protein. 

Three different spacers were considered, which differ 
for length and chemical composition and that were used to 
study the interaction of A2P with an agarose support in 
previous investigations [8]. The spacers are CH2-CHOH-
CH2-NH2-(CH2)2-NH (2LP), CH2-CHOH-CH2-S-(CH2)3-S 
(SS3) and CH2-CHOH-CH2-S-(CH2)e-O-(CH2)2-O-(CH2)2-
S (DES).  

The structure adopted as IgG molecular model consists 
of the full FC fragment, which is composed by two 
identical domains connected at the top by a cysteine bond. 
The input structures for the MD simulations with A2P were 
determined via docking, using AutoDock 3.0 [10]. For each 
ligand–spacer pair, 20 to 50 poses were evaluated using a 
Lamarckian Genetic Algorithm [10], and among these the 
best one was chosen according to its docking energy and 
the position of the spacer with respect to the protein. 

The conformational evolution of the IgG-ligand-spacer-
support system was investigated using Molecular Dynamic 
simulations. The force field adopted for the agarose support 
was Glycam 04 [11-14], developed to study the interaction 
of carbohydrates with proteins, which was modified, as 
described in our previous publication [8], to include the 3,6-
anhydro-galactose. Spacers, ligands, and the protein were 
modeled with the Parm94 force field [15], which 
parameters (atom types) are consistent with those of 
Glycam. 

The complex agarose-spacer-ligand-protein was 
solvated using explicit TIP3P water molecules adding a 
solvent shell of 20 Å (about 24000 to 27000 water 
molecules). A dielectric constant of 1 was used for all the 
simulations and the non-bonded cutoff was set to 10 Å. All 
simulations were performed using periodic boundary 
conditions, according to which the system is divided in unit 
cells of equal size. Long range electrostatic interactions 
were evaluated using the Particle Mesh Ewald method, so 
that a particle within a unit cell interacts with all the other 
particles in the same cell as well with all their periodic 
images in the other cells [16]. 

The computational protocol adopted for the MD 
simulations is the following. First a 2000 cycles 
minimization, in which the complex was restrained, was 
performed to remove the initial unfavourable contacts made 
by the solvent. This was followed by a second 1500 cycles 
minimization without restraints. The temperature was then 
raised from 0 to 300K by a simulated annealing of 20 ps at 
constant volume; in order to avoid wild fluctuations a weak 
restraint was imposed on the solute in this stage. After 
heating the system, a 100 ps run was performed at constant 
pressure in order to permit the water density to relax. 
Finally molecular dynamic simulations were performed for 
a standard period of 5 ns. The SHAKE algorithm was used 
for all covalent bonds involving hydrogen, so that a time 
step of 2.0 fs could be used [17]. All simulations were 
performed at 300 K and constant atmospheric pressure. 

Binding free energies between protein and supported 
ligands were determined using the MM-GBSA protocol 
[18] as: 
 
ΔG = ΔEMM + ΔΔGSOL −TΔSGAS        (1) 
 
where ΔEMM is molecular energy change in the gas phase 
for the reaction of dissociation of the complex, ΔΔGSOL is 
the difference between the solvation free energy of the 
complex (the whole system) and that of the ligand (which 
includes agarose + spacer + A2P) and receptor (IgG) and 
was calculated implicitly using both the general Born (GB) 
theory and the Poisson-Bolztmann theories (PB). Finally, 
TΔSGAS is the entropy difference between complex, ligand 
and protein and was calculated considering only the 
rotational and translation contributions, which were 
determined through statistical thermodynamics, and 
neglecting the vibrational term. Medium energies were 
averaged on sets of 50 trajectories, corresponding to a time 
span of 200 ps. 

All molecular dynamics simulations were done using 
the Amber 8 computational suite [19], while the ab initio 
simulations were performed with Gaussian 03 [20]. 
Structures reported in this paper were produced using VMD 
1.8.2 [21]. 
 

3 RESULTS AND DISCUSSION 
 
In this section the results of the three MD simulations, 

performed at parity of substrate and ligand but changing the 
spacer chemical composition, are reported and  discussed. 

Simulations were started from an initial structure in 
which the spacer is completely solvated in water and there 
is no interaction between the FC fragment and the agarose 
helixes. The final structures, obtained by the system after a 
5 ns run are reported in Figure 1. 

The A2P molecule was designed to mimic the specific 
interactions of protein A with IgG, and in particular of its 
PHE-132 and TYR-133 residues. The success of such intent 
is confirmed by the results of the MD runs, since A2P binds 
preferentially with the same key IgG residues with which 
protein A interacts [6,22]. In particular in all cases the 
docking procedure showed that one of the two 
hydroxyphenyl groups of the synthetic ligand interacts with 
HIS-310, GLN-311, LEU-314 and MET-428, ASN-434, 
HIS-435 while the other one with ILE-253 and SER-254 of 
the FC domain. In all simulations the residues involved in 
the interaction between protein and ligand do not change 
significantly from the initial pose while it can be noted that 
the FC fragment approaches the agarose helixes. This 
transformation of the system takes less than 1 ns and causes 
the SS3 and DES spacers to bend (the 2LP molecule is 
short enough to allow this approach maintaining its 
structure straight). Agarose helixes, initially linear, undergo 
a major distortion because of the steric hindrance and 
interaction with IgG. This interaction is mainly due to 
hydrogen bonds formed with some of the hydroxyl groups 

NSTI-Nanotech 2007, www.nsti.org, ISBN 1420061828 Vol. 1, 2007 451 



of the agarose units: the FC parts involved in these bonds 
(Table 1) are both the carbonyl group of the protein 
backbone or the side chains of residues containing carboxyl 
or hydroxyl groups (ASP, GLU, THR, SER), –CONH2 
groups (ASN, GLN) and –NH3+ groups (LYS). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1: Final structure of the A2P system after a 5 ns MD 
(spacer: a) 2LP; b) DES; c) SS3). 

2LP DES SS3 
ASN-384 THR-140 ASN-142 

GLY-420 (backbone) ASN-142  GLU-345 
ASN-421 (backbone) GLU-283 GLN-347 

SER-440 LYS-317 ASN-384 
SER-442 GLU-345 ASN-434 

LEU-443 (backbone)   

Table 1: FC residues interacting with agarose. 

Agarose can also interact with the ligand or the spacer: 
in the SS3 system one of the hydroxyphenyl groups of A2P 
forms a hydrogen bond with agarose; in the 2LP system a H 
bond is formed between an agarose unit and the –OH group 

of the spacer; the DES molecule seems to be the only 
spacer not interacting with agarose, as it is fully solvated by 
water even when it is bent. 

It can also be observed that the spacers show significant 
interactions with the protein as well, and in particular with 
residues HIS-433, ASN-434 and HIS-435 of the consensus 
binding site; moreover, the positively charged –NH2+ group 
of the 2LP spacer forms a hydrogen bond with IgG residue 
ASN-434. 

The results of MM-GBSA calculations, not including  
the entropic contribution (about 33.8 kcal/mol for the 
complex), are summarized in Table 2. The energies show 
significant fluctuations, which indicates either that the 
system has not reached a stable conformation yet or that the 
system energy should be averaged on a time span larger 
than 0.2 ns. However, the differences that can be noted in 
the mean binding energies of the A2P–spacer pairs indicate 
that also the spacers contribute to the interaction and that 
the 2LP molecule presents the most stable and highest mean 
binding energy. This result confirms the experimental 
evidence (personal communication W. Lindner) according 
to which A2P bound to 2LP presents an enhanced affinity 
to IgG with respect to the other spacers; this behaviour 
might be explained by the formation of the H bond between 
2LP and ASN-434 evidenced by the MD simulations. 

 
Time Span 2LP DES SS3 

0.8  1 -21.87 -10.60 -23.24 
1.8  2 -26.20 -3.82 -24.70 
2.8  3 -22.22 -4.98 -24.82 
3.8  4 -28.61 -13.90 -24.41 
4.8  5 -24.65 -22.09 -16.75 

Table 2: Binding energies calculated with MM-GBSA. 

With regard to the interaction between IgG and agarose, 
it is also interesting to note that there are two possible 
conformations: one in which the FC fragment is parallel to 
the agarose chains (2LP and DES molecules) and one in 
which the antibody is perpendicular to the support (SS3 
spacer). The contribution of agarose in these alterative 
structures to the binding energy is reported in Table 3. 

 
Time Span 2LP DES SS3 

0.8  1 4.29 12.62 9.34 
1.8  2 0.07 15.72 7.86 
2.8  3 3.33 12.61 9.49 
3.8  4 -1.48 5.71 8.81 
4.8  5 1.45 0.88 12.54 

Table 3: Agarose – IgG interaction energy. 

As expected, these energies reproduce the trend of the 
whole system binding energy. The mean value of the 
difference between the total energy and the support 
contribution is proportional to the fraction of the FC surface 
interacting with agarose (Table 3): about -20 kcal/mol for 
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the DES system (strongest FC–agarose interaction), -26 
kcal/mol for 2LP and -32 kcal/mol for SS3. 

Higher level MM-PBSA calculations were also 
performed for supported A2P in complex with IgG. 
Unfortunately the results were not converged within the 
grid used for the integration (2 grids/Å), and systematically 
increasing the grid, though decreasing the fluctuations of 
the computed energy, did not resolve the problem in a 
definitive way. 

It can be observed that adding the entropic contribution 
leads in all cases to positive free binding energies. Though 
this seems to indicate that the system is not 
thermodynamically stable, it must however be mentioned 
that, in our experience for these systems, MM-GBSA 
energies are usually under-binding with respect to the more 
accurate MM-PBSA values and that we did not include, for 
computational reasons, vibrational entropy, which is likely 
to contribute negatively to the free energy change. In any 
case, the qualitative trend of the results reported in Table 2-
3 would not be affected by the mentioned corrections. 

 
4 SUMMARY AND CONCLUSIONS 

 
This paper discusses the computational investigation of 

the interaction between IgG and a ligand supported on 
agarose through means of molecular dynamics. 

The initial structure of the system consisted of an IgG – 
ligand complex determined via docking; subsequently this 
was bound to agarose. These structures are maintained for 
the first few tenths of nanosecond of simulations, after 
which interactions between protein and support start taking 
place. 

MD results evidenced that the spacer can contribute to 
the bonding process through specific interactions, 
confirming the initial hypothesis of this work. In particular, 
the change of dynamic binding capacity observed 
experimentally between the 2LP (Prometics) and the 
modified thiophilic spacers can be attributed, according to 
our simulations, to the formation of a specific hydrogen 
bond between the positively charged NH2+ group of the 
2LP spacer and the ASN-434 residue of IgG. 
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