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A QM/MM study of the molecular recognition site of bapineuzumab toward the amyloid-b
peptide isoforms
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Multidisciplinario de Investigaciones Biologicas (IMIBIO-SL -CONICET), Chacabuco 915, (5700) San Luis, Argentina
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The molecular mechanism of recognition of amyloid-beta (Ab) peptide isoforms by bapineuzumab was studied using a
quantum mechanics and molecular mechanics (QM/MM) method. In this work, geometric optimisations were performed
using the ONIOM2 scheme (at B3LYP/6-31G(d) amber)EE level) on the paratope of bapineuzumab together with the
different forms of Ab peptide (AbWT and AbN3(pE)). A comprehensive study of the interactions was also performed
through Quantum Theory of Atoms in Molecules (QTAIM). This allowed us to obtain a deep understanding of how this
antibody interacts with the amino acids of the Ab peptides. The description on the interactions between bapineuzumab and
the different forms of Ab peptides allow us to understand why the peptides that lack the two first residues (Asp1 and Ala2)
and begin with a pyroglutamate residue present low affinity for bapineuzumab. This basic structural information is useful for
a deeper understanding about the scope and limitations of bapineuzumab as a therapeutic agent for the AD.
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1. Introduction

Alzheimer’s disease (AD) is the most prevalent neurode-

generative disease in humans. It is a genetically complex,

slowly progressive, and irreversible disease of the brain.

Besides, it is one of the most common causes of mental

deterioration in elderly people, accounting for around 50–

60% of the overall cases of dementia among persons over

65 years of age.[1] Currently, it is known that amyloid-beta

(Ab) peptides form soluble oligomers, which are key

pathogenic structures in AD. They inhibit the synaptic

function, leading to early memory deficits and synaptic

degeneration. The soluble Ab oligomers in the hippocam-

pal neurons trigger hyperphosphorylation of tau, a key step

in the generation of neurofibrillary tangles.[2,3] Because of

these effects, the soluble Ab oligomers represent an

attractive therapeutic target.

Immunotherapy has become a very attractive alterna-

tive as a new treatment for brain disorders. This is because

the antibodies are highly selective. Recently, a humanised

monoclonal antibody, called bapineuzumab, was reported.

This antibody binds with high affinity to the neurotoxic

free N-terminal Ab peptides (AbWT).[4] Clinical trials in

patients with moderate AD show that bapineuzumab was

effective in stabilising amyloid plaque burden and

lowering phosphorylated-tau levels in cerebrospinal

fluid.[4] Despite these promising results, immunotherapy

fails to improve the cognitive ability of patients.

In addition to the AbWT peptides present in the human

brain, there are Ab peptides N-terminal truncated in the

residues Glu3 (AbN3(pE)) and Glu11 (AbN11(pE)).[5–7]
These modified peptides are resistant to aminopeptidases,

which justifies its abundance in brain tissue.[8] Studies of

circular dichroism show a faster aggregation kinetics than

AbWT peptides.[9] In turn, Nussbaum et al. [10]

demonstrated that AbN3(pE) may form low molecular

weight hybrid oligomers with the full-length AbWT

peptide and cause an accelerated misfolding and

oligomerisation of AbWT leading to toxic structures.

Among these species, AbN3(pE) is a major N-truncated

constituent of intracellular, extracellular and vascular Ab
deposits in AD brain tissue.[11]

A possible explanation of bapineuzumab failure in

cognitive improvement of AD patients is that the N-terminal

modified peptides are the main component of senile plaques,

which constitute more than 50% of the Ab in neuritic

plaques.[12] In turn, bapineuzumab presents low affinity on

these N-terminal modified Ab-peptides found in amyloid

deposits with respect to the AbWT peptides.[4] The sum of

these factors might be the cause of the lack of bapineuzumab

efficacy in the treatment of AD.[8]

Although there are different factors responsible for

bapineuzumab failure as a therapeutic agent against AD,

[13,14] the hypothesis raised by Perez-Garmendia

and Gevorkian [8] should be taken into account since it
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is very interesting and well-founded. Furthermore, it has

been reported that Bapinezumab has less affinity for the

AbN-terminalmodifiedwith respect to AbWT.[4] Therefore,

the question that arises is: what is the cause of this

different affinity? Actually, the problem is that there is no

precise information atmolecular level of the interaction types

that stabilise and/or destabilise these two complexes. It is

evident that a detailed analysis of the different molecular

interactions in the binding process is of paramount

importance.

The main objective of this study is to investigate the

interactions between the Ab peptide isoforms (AbWT and

AbN3(pE)) and bapineuzumab using computational

calculations. This study might allow us to better under-

stand how this antibody interacts with the amino acid

residues of the different Ab peptides. This basic structural

information can be useful for a deeper understanding about

the scope and limitations of bapineuzumab as a

therapeutical agent for the AD. On the other hand, this

information might be also useful to improve the

therapeutical effect of novel monoclonal antibodies anti-

Ab peptide.

2. Methods and computational details

2.1. Antibody-AbWT peptide model (Ab-AbWT)

Coordinates of bapineuzumab Fab fragment (2.2 Å

resolution) complexed to the AbWT peptide were down-

loaded from protein data bank (PDBcode:4HIX).[4] The

residues 7–28 of AbWT peptide were located outside the

paratope region and had high mobility; thus they were not

in the crystallographic structure.[4] Anyway this was not a

problem for the studies performed here since only residues

1–6 were involved in the bonding process (Figure 1(a)).

Finally, antibody Fab fragment together with AbWT

(residues 1–6) and crystal water molecules were the

source of initial coordinates for our model system.

2.2. Antibody-AbN3(pE) peptide system (Ab-AbN3
(pE))

This system was built from the same geometry that was

used in the above model in which the N-terminus was

replaced by pyro-Glu3 (Figure 1(b)). The root-mean-

square deviations (RMSD) of Ca for residues 3–6 between

Figure 1. (Colour online) Surface representation of the antibody binding region. Molecular structure of (a) AbWT peptide (yellow) and
(b) AbN3(pE) peptide (orange).
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AbWT and AbN3(pE) was only 0.12 Å, concordantly with

the values previously reported by Gardberg et al. [15].

2.3. Molecular dynamics

Molecular dynamics simulations (MD) and subsequent

structural analysis were performed with the Amber12

package.[16] The all-atom force field ff99SB [17] was used

to describe the complexes, whereas the water molecules

were represented using the TIP3P model. Each model was

soaked in a truncated octahedral periodic box of TIP3P

water molecules. The distance between the edges of the

water box and the closest atom of the solutes was at least

10Å. Chloride ions were added to neutralise the charge of

the system. The entire system was subject to energy

minimisation in two stages in order to remove bad contacts

between the complex and the solvent molecules. First, the

water molecules were minimised by keeping the solute

fixed with harmonic constraint with a force of 100 kcal/

molÅ2. Second, conjugate gradient energy minimisations

were performed repeatedly four times using the positional

restraints to all heavy atoms of the complexes with 15, 10,

5 and 0 kcal/molÅ2. The values of RMSD between the

initial and minimised structures were lesser than 0.5 Å.

In the next place each system was then heated in the

NVT ensemble from 0 to 300 K in 500 ps and equilibrated

at an isothermal isobaric (NPT) ensemble for another 500

ps. A Langevin thermostat [18] was used for temperature

coupling with a collision frequency of 1.0 ps21.The

particle mesh Ewald (PME) method was employed to treat

the long-range electrostatic interactions in a periodic

boundary condition.[19] The SHAKE method was used to

constrain hydrogen atoms. The time step for all MD is 2 fs,

with a direct-space, non-bonded cuttof of 8 Å. Finally, the

production was carried out at the NPT conditions

performing simulations of 30 ns in length for each system.

2.4. Ab-Residue interaction decomposition

The interactions between the Ab peptide and each residue

in the paratope were calculated using the MM/GBSA

decomposition programme implemented in AMBER 12.

The interaction between Ab peptide–residue pairs is

approximated by:

DGAb–residue ¼ DGvdw þ DGele þ DGGB þ DGSA; ð1Þ

where DGvdw and DGele are non-bonded van der Waals

interactions and electrostatic interactions between the Ab
peptide and each paratope residue in the gas phase. The

polar contribution to solvation free energy (DGGB) was

calculated using the GB module.[20] DGSA is free energy

due to the solvation process of nonpolar contribution and

was calculated from SASA. All energy components in

Equation (1) were calculated using 1000 snapshots from

the last 10 ns of the MD simulation.

2.5. QM/MM setup

The most important question when using the ONIOM

scheme is the partitioning of the system into high and low

level layers. In this work, we identified the paratope

residues using the free energy decomposition approach

(MM/GBSA). The side chains of the paratope residues that

contributed with a jDGj higher than 1.0 kcal/mol in the per

residue energy decomposition, the Ab peptide and the

water molecules were included at the high-level QM layer,

and the remainder of the complex system was included in

the low-level MM layer. The QM region was calculated

using the B3LYP/6-31G(d) method and the MM portion

using the AMBER force field.[21] The MM parameters

absent in the standard AMBER force field were included

from the generalised amber force field (GAFF).[22] Atoms

in the QM region were optimised using the electrical

embedding scheme. Hydrogen link atoms were used to

satisfy atoms at the QM and MM interface. The hydrogen

link atoms remained fixed during optimisation.

2.6. Binding energy calculations

The binding energies of the complex system were

calculated as single-point calculations at B3LYP/6-31G

(d) level of theory, including basis set superposition error

(BSSE) corrections,[23,24] using the geometries obtained

by QM/MM calculations. The binding energy (DEbinding)

of each complex can be defined as follows [25]:

DEbinding ¼ Ecomplex 2 EAb 2 Ebinding site þ BSSE; ð2Þ

where Ecomplex is the complex (binding site-Ab) energy,
EAb and Ebinding site are the energies of the Ab peptide, and

binding site, respectively. All of these calculations were

carried out with Gaussian 09 suite of programmes.[26]

2.7. Atoms in molecules theory

After the QM/MM calculation, the optimised geometry for

each Ab–antibody complexes (Ab–Ab) was used as input
for quantum theory atoms in molecule (QTAIM) analysis,

[27] which was performed with the help of Multiwfn

software,[28] using the wave functions generated at the

B3LYP/6-31G(d) level.

3. Results and discussions

3.1. Equilibrium of the dynamics simulation

The RMSD of each snapshot relative to the initial structure

was calculated to monitor the stability of each trajectory.

Figures S1 and S2 in the supplemental material show the

RMSD values for the backbone atoms of the complexes

Ab–AbWT and Ab–AbN3(pE). It is possible to observe

that the RMSD of all the trajectories do not suffer
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significant changes during the simulation. Thus, the

average RMSD values obtained for Ab–AbWT complex

were 1.45 Å (VH chain), 1.41 Å (VL chain) and 0.40 Å

(AbWT peptide) with respect to the initial structure

whereas for Ab–AbN3(pE), the average RMSD values

were 1.95 Å (VH chain), 1.72 Å (VL chain) and 1.00 for

AbN3(pE) peptide. These results are shown in Table S3 in
the supplemental material. It should be noted that the

backbone conformation of both peptides is substantially

conserved during the 30 ns of simulation (see Figure S4 in

supplemental material).

3.2. Determining the QM layer

In order to determine which amino acid residues are

producing the Ab–antibody association, we calculated the
binding free energy DGAbWT-residue and DGAbN3(pE)-residue.

As shown in Figure 2(a), eight residues (VH-Ser50, VH-

Arg52, VH-Tyr95, VH-Ser101A, VH-Ser101B, VL-

Asp27D, VL-Trp89, VL-Arg96) make large contributions

to the binding energy, providing free-energy contributions

of .2 kcal mol21. In addition, other five residues (VH-

Trp47, VH-Tyr59, VL-Asp28, VL-Tyr32, VL-Phe94) also

make considerable contributions to the binding process

between Ab peptide and the antibody, each yielding .1

kcal mol21 of free energy. On the other hand, in Figure 2

(b) only VH-Tyr59, VL-Asp27D, VL-Asp28, VL-Trp89 and

VL-Arg96 contribute to the free-energy with more than

1 kcal/mol. Therefore, the residues VH-Trp47, VH-Ser50,

VH-Arg52, VH-Tyr59, VH-Tyr95, VH-Ser101A, VH-

Ser101B, VL-Asp27D, VL-Asp28, VL-Tyr32, VL-Phe94,

VL-Trp89 and VL-Arg96 were selected to form part of QM

layer together with the Ab peptide and six water molecules

that were found within the antibody paratope.

3.3. Analyses of the optimisations and binding energy

The agreement of the structures obtained from the

geometric optimisations for the Ab–AbWT and Ab–

AbN3(pE) complexes with their respective initial

structures was evaluated through a superimposition

analysis. The RMSD between the initial and optimised

Figure 2. (Colour online) Interaction spectrum. The x-axis denotes the residue number of VH and VL chains of bapineuzumab for
(a) AbWT and (b) AbN3(pE). The y-axis denotes the interaction contribution energy of individual residues.
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structures were 0.16 and 0.35 Å for Ab–AbWT and Ab–

AbN3(pE), respectively, which clearly indicates that the

orientations and positions of the two complexes do not

change significantly during the optimisation process.

AbWT binds more tightly to the antibody with respect

to AbN3(pE), being the gap between the binding energies

25.3 kcal/mol. Thus, it is encouraging that the ranking of

the experimental binding energies is consistent with our

calculations, which shows that the structures obtained

from the ONIOM2 scheme are reliable.

3.4. Analysis of the interactions network of residues
using QTAIM calculations

The QTAIM analysis is very important in the study of

ligand–receptor interactions because the values of the

electronic density (r(r)) at a critical point bond (CPB)

indicate the strength of the interactions. Therefore, the sum

of the values of r(r) for each interaction individuallywill give
us a better understanding and more detailed information on

the mode of binding between bapineuzumab and the

different Ab forms.

3.4.1. Key residues in the paratope region

To understand why bapineuzumab has lower affinity for

AbN3(pE) than for AbWT, an exhaustive analysis of

Figure 3 will be helpful. This figure shows the electronic

density located in the BCP for the different interactions

obtained for Ab–AbWT and Ab–AbN3(pE). Here it might

be appreciated that the sum of r(r) for Ab–AbWT is 1.001

u.a., which is greater with respect to Ab–AbN3(pE) (r(r)
¼ 0.773 u.a.), indicating a preference of bapineuzumab for

AbWT. This result is in agreement with our calculated

binding energy and the previously reported experimental

data.[4]

It should be noted that RMSD for the Ca of residues

3–6 of AbWT and AbN3(pE) is only 0.14 Å. However,

Figure 3 shows that the replacement of Glu by pyro-Glu

has a drastic effect on the bind, which is reflected in the

loss of interactions. Comparing Figure 3(a),(b), it is

possible to appreciate lower values of r(r) for Ab–AbN3
(pE) in several interactions. Furthermore, this figure also

shows that six residues (VH-Ser50, VH-Arg52, VH-Tyr95,

VH-Ser101B, VL-Asp27D and VL-Arg96) make large

contributions to the binding between the different forms of

Ab peptide and bapineuzumab, giving values of r(r) .
0.04 u.a.

Analysing residue by residue in Figure 3, it is possible

to observe a difference for VH-Ser50. The interaction

OHVH-Ser50zzzOAbWT-Glu3 (Figure 4(a)) (r(r) ¼ 0.0429 u.a.

green colour) is stronger than OHVH-Ser50zzzO AbN3(pE)-pGlu3

(r(r) ¼ 0.0285 u.a.) (Figure 4(b)) because the formation of

the ring makes the distance OHzzzO greater in Ab–AbN3
(pE) than in Ab–AbWT.

In addition, VH-Arg52 is one of the most important

residues of the paratope of bapineuzumab. From Figure 5

can appreciate that in both cases VH-Arg52 is making the

following interactions: HH11VH-Arg52zzzO AbWT/AbN3(pE)-

Phe4, HH22VH-Arg52zzzOAbWT/AbN3(pE)-His6, HEVH-Arg52-

zzzOAbWT/AbN3(pE)-Glu3/p-Glu3
, and several interactions CHzzzCH.

Another key residue involved in the recognition of Ab
peptides is VH-Tyr95. As seen in Figure 6 in both

complexes VH-Tyr95 has several hydrophobic interactions

with Phe4. However, the interaction OHVH-Tyr95zzz
HG3AbWT/AbN3(pE)-Arg5 is stronger in the Ab–AbWT

complex because the atoms involved in the interaction

are closer.

In the Ab–AbWT complex, VH-Ser101B produces two

strong hydrogen bonds with Asp1 (HVH-Ser101B-

zzzOD2AbWT-Asp1
and HGVH-Ser101BzzzOD1AbWT-Asp1 (Figure 7).

It should be noted that Asp1 is missing in AbN3(pE)

Figure 3. (Colour online) Sum of the values of charge density (Sr(r)) at the bond critical points (considering only the intermolecular
interactions) in (a) Ab-AbWT and (b) Ab-AbN3(pE).
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which might explain, at least in part, the low affinity of the

antibody for the AbN3(pE) peptide.
The residue VH-Asp27D of Bapinuzumab

produces strong interactions with Arg5 and His6 of

both peptides (AbWT and AbN3(pE)). In Ab–AbWT, the

oxygen OD1 of carboxylate group of VH-Asp27D is

forming three hydrogen bonds (OD1VH-Asp27D

zzzHH12AbWT-Arg5, OD1VH-Asp27DzzzHH22 AbWT-Arg5 and

OD1VH-Asp27DzzzHE2AbWT-His6), while that in Ab-AbN3
(pE), the oxygen OD1 of VH-Asp27D has two hydrogen

Figure 5. (Colour online) Molecular graph showing the noncovalent interactions between the paratope residue (VH-Arg52) of
bapineuzumab and (a) the residues Glu3-Phe4-Arg5-His6 of AbWT peptide (b) the residues pGlu3-Phe4-Arg5-His6 of AbN3(pE) peptide.

Figure 6. (Colour online) Molecular graph of the noncovalent interactions between the paratope residue (VH-Tyr95) of bapineuzumab
and (a) the residues Glu3-Phe4-Arg5 of AbWT peptide (b) the residues pGlu3-Phe4-Arg5 of AbN3(pE) peptide.

Figure 4. (Colour online) Molecular graph of the noncovalent interactions between the paratope residue (VH-Ser50) of bapineuzumab
and (a) the residues Glu3-Phe4 of AbWT peptide (b) the residues pGlu3-Phe4 of AbN3(pE) peptide. Also the elements of the topology of
the electron density are shown: pink spheres represent the bond paths connecting the nuclei and the critical bond points are represented as
red spheres. The ID of each BCP is shown in this figure in order to obtain more details about the interactions in the supplemental material
(see Table S5 and Table S6).

Molecular Simulation 201

D
ow

nl
oa

de
d 

by
 [

L
uc

as
 G

ut
ie

rr
ez

] 
at

 0
3:

14
 2

7 
Ja

nu
ar

y 
20

16
 



bonds (OD1VH-Asp27DzzzHH22AbN3(pE)-Arg5 and OD1VH-

Asp27DzzzHE2 AbN3(pE)-His6) and OD2 acts as H-acceptor

with Arg5 (OD2VH-Asp27DzzzHH12AbN3(pE)-Arg5)

(Figure 8).

Figure 9(a) shows a large number of interactions

between VL-Arg96 and Asp1 while the residues Glu3/

pGlu3 and Phe4 present only two interactions with VL-

Arg96 (Figure 9(a),(b)). This clearly indicates that the

preference of bapineuzumab for AbWT is mainly due to the

residue Asp1.

3.4.2. Crystallographic water molecules involved in the

binding process of Ab in the complexes

Several water molecules are located in the bind interface

linking the antibody with both Ab peptides. These water

molecules act as a link between the Ab peptides and the

paratope. On the other hand, these molecules have

different functions which may be classified as follows:

(1) Direct bridge Ab peptides and Ab paratope.

(2) Direct or/and indirect bridge Ab peptides and Ab

paratope.

In the first case, Wat1 acts as a weak link between the

AbWT peptide and Ab making a weak interaction (OWat1-

zzzHE2AbWT-Phe4) (Figure 10(a)). In addition,Wat1 produces

three interactions with the Ab; it acts as H-acceptor

(OWat1zzzHH22VL-Arg96, OWat1zzzHB2VH-Tyr95) in two of

them, and as an H-donor (H2Wat1zzzOGVH-Ser101B) in the

other one. Wat2 also connects the AbWT peptide directly to

the antibody. This water molecule presents four hydrogen

bonds where the OWat2 is acting as a proton acceptor,

whereasNH3Asp1, NHAla2, CAHAVL-Arg96 andHG3VL-Arg96
are the proton donor counterpart (Figure 10(b)).

Figure 7. (Colour online) Molecular graph of the noncovalent
interactions between the paratope residue (VH-Ser101B) of
bapineuzumab and the residues Asp1 of AbWT peptide.

Figure 8. (Colour online) Molecular graph of the noncovalent interactions between the paratope residue (VL-Asp27D) of bapineuzumab
and (a) the residues Arg5-His6 of AbWT peptide (b) the residues Arg5-His6 of AbN3(pE) peptide.

Figure 9. (Colour online) Molecular graph of the noncovalent interactions between the paratope residue (VL-Arg96) of bapineuzumab
and (a) the residues Asp1, Glu3-Phe4 of AbWT peptide (b) the residues pGlu3-Phe4 of AbN3(pE) peptide.
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Another water molecule acting as a link between the

different forms of Ab peptide and the Ab is Wat3.This

molecule is attached to Arg5 by a moderate hydrogen bond

(OWat3zzzHEAbWT-Arg5) with the AbWT peptide (Figure 11

(a)), whereas AbN3(pE) peptide has two hydrogen bond

(OWat3zzzHEAbN3(pE)-Arg5, OWat3zzzHH21AbN3(pE)-Arg5)

(Figure 11(b)). Both peptides are linked to VH-Tyr95 by

a hydrogen bond (OWat3zzzHHVH-Tyr95).

Wat4 displays hydrogen bonds with both peptides,

H2Wat4zzzOE1AbWT-Glu3 and H2Wat4zzzOEAbN3(pE)-pGlu3,

respectively. However, while the hydrogen bond with

AbWT is a strong interaction, the interaction of AbN3(pE)
is a weak one. The Wat4 connects the different forms of

the Ab peptides interacting with VH-Trp47, VL-Phe94 and

VL-Arg96 of Ab. In both systems there is a weak

interaction between the Wat4 and VH-Trp47. Wat4 is also

linked to the antibody by two interactions with VL-Arg96

(NHVL-Arg96zzzOWat4 and HB2VL-Arg96zzzOWat4). On the

other hand, this water gives weak interactions with the

amino acid VL-Phe94 (HD1VL-Phe94zzzOWat4) in both

complexes (Figure 12).

In group 2, Wat5 is positioned between Ala2, Glu3,

Arg5 andHis6,whereasWat6 is located betweenVH-Arg52

and VH-Tyr59 forming a hydrogen bonds network that

binds to both peptides with bapineuzumab. Wat5 interacts

with AbWT through the residues Ala2, Glu3, Arg5 andHis6

(H1Wat5zzzOAbWT-Ala2, H2Wat5zzzOE1AbWT-Glu3, H1Wat5-

zzzOAbWT-Arg5, H2Wat5zzzND1AbWT-His6, OWat5zzzHB2AbWT-

Figure 10. (Colour online) Molecular graph showing the network of interactions where (a) Wat1 acts as a link between the paratope
residues (VH-Tyr95, VH-Ser101B, VL-Arg96) and Phe4 of AbWT peptide (b) Wat2 acts as a link between the paratope residue (VL-Arg96)
and Asp1-Ala2 of AbWT peptide.

Figure 11. (Colour online) Molecular graph of the network of interactions where Wat3 acts as a link between the paratope residues
(VH-Tyr95, VL-Tyr32) and (a) Asp1, Arg5 of AbWT peptide, (b) Arg5 of AbN3(pE) peptide.
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His6) (Figure 13(a)). In the case of AbN3(pE), Wat5

interacts with the amino acids pGlu3, Arg5 and His6

(OWat5zzzH3AbN3(pE)-pGlu3, H1Wat5zzzOAbN3(pE)-Arg5, H2Wat5-

zzzND1AbN3(pE)-His6, OWat5zzzHB2AbN3(pE)-His6) (Figure 13

(b)). In turn, Wat5 exhibits in both cases a strong hydrogen

bond with the Wat6 molecule (OWat5zzzH1Wat6) which

indirectly binds the peptides with the antibody. In addition,

in AbWT complex Wat6 is strongly interacting with VH-

Arg52 andVH-Tyr59 of bapineuzumab aswell aswithGlu3

(OWat6zzzHH21VH-Arg52, OWat6zzzHHVH-Tyr59, H2Wat6-

zzzOAbWT-Glu3). In contrast in the AbN3(pE) complex only

one interaction between Wat6 and VH-Tyr59 is observed

(OWat6zzzHHVH-Tyr59).

3.4.3. Comparison of the binding mode of Ab peptides

and bapineuzumab

From the structural point of view, the difference between

AbWT and AbN3(pE) is the lack of the aminoacids Asp1

and Ala2 and the modification of Glu3 by pyro-Glu3

amino acid in AbN3(pE). This structural difference

between these peptides is small, but has a drastic effect on

the bapineuzumab affinity which is reflected in Figure 14.

This figure shows the strength with which each residue of

the Ab peptides interacts with the antibody paratope,

revealing quantitatively that the residues responsible for

the binding to bapineuzumab are Asp1 and Glu3.

Asp1 is the amino acid that posseses the strongest

interactions with the antibody paratope. This is mainly due

to the hydrogen bonds that establish the carboxylate group

of Asp1 with VH-Ser101B and VL-Trp89 (HE1VL-

Trp89zzzOD2AbWT-Asp1, HVH-Ser101BzzzOD2AbWT-Asp1 and

HGVH-Ser101BzzzOD1AbWT-Asp1). These hydrogen bonds

allow bapineuzumab to capture the AbWT peptide with

high efficiency. It should be noted that Asp1 is missing in

AbN3(pE), being a cause of the low affinity between the

antibody and AbN3(pE) peptide.
Glu3 or pGlu3 is another important residue in the

recognition of the antibody paratope. This residue presents

several hydrogen bondswith residuesVH-Ser50, VH-Arg52

Figure 12. (Colour online) Molecular graph of the network of interactions where Wat4 acts as a link between the paratope residues
(VH-Trp47, VL-Phe94, VL-Arg96) and (a) Glu3 of AbWT peptide, (b) pGlu3 of AbN3(pE) peptide.

Figure 13. (Colour online) Molecular graph of the network of interactions where Wat5 and Wat6 acts as a link between the paratope
residues (VH-Arg52, VH-Tyr59) and (a) Ala2-Glu3, Arg5-His6 of AbWT peptide, (b) pGlu3, Arg5-His6 of AbN3(pE) peptide.
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and VL-Arg96 (OHVH-Ser50zzzOAbWT/AbN3(pE)-Glu3/pGlu3,

HEVH-Arg52zzzOAbWT/AbN3(pE)-Glu3/pGlu3, HH21VL-Arg96-

zzzOE2AbWT/AbN3(pE)-Glu3/pGlu3
). These interactions occur in both

complexes, but they areweaker compared toAbN3(pE)/Ab
complex due to the pyroglutamate ring.

In summary, the description of the interactions

established between bapineuzumab and the isoforms of

Ab peptide explain why the Ab peptides bearing the

modified Glu3 (pyro-Glu3) and without the residues Asp1

and Ala2 present low affinity for bapineuzumab.

3.4.4. Possible modifications on bapineuzumab to

improve its affinity by the AbN3(pE) peptide

The QTAIM analysis is a tool important in the study of

ligand–receptor interactions because the values of the

electronic density at a CPB indicate the strength of the

interactions. Furthermore, this technique allows us to

obtain the strength of interactions of each residue of

bapineuzumab interacting with the AbN3(pE) peptide and
thus, we can identify which of them give the weaker

interactions and therefore are good candidates to be

replaced by other residues that can give stronger

interactions. From Figure 3(b) it can be seen that VH-

Tyr59, VL-Tyr32, VL-Thr89, VL-Phe94 and VL-Arg96 are

the residues having the weakest interactions and therefore

are good candidate to be replaced by another amino acid.

From the various replacements done it was found that the

VL-Tyr32Glu mutation significantly increases the affinity

of bapineuzumab to AbN3(pE). VL-Tyr32 has a value of

r(r) ¼ 0.0096 u.a., whereas the mutation VL-Tyr32Glu

presents a value of r(r) ¼ 0.038 u.a. showing a substantial

increase in affinity of the bapineuzumab to AbN3(pE).
It might be expected that this improvement in the affinity

could have an increase in its potential therapeutic effect.

However caution must be taken with this hypothesis

considering the small number of mutations made in this

study.

4. Conclusions

The results obtained in this study allowed us to draw

interesting conclusions in two different aspects: from a

methodological point of view as well as from a biological

aspect. Regarding the methodological aspect, our results

indicate that from relatively simple molecular modelling

techniques it is possible to explain the behaviour of these

two Ab peptides. In this sense it is important to point out

the accuracy of the combined QM/MM-QTAIM analysis,

giving us a clear picture about the different binding mode

of these peptides. In turn, this allowed us to identify the

interactions accounting for the different affinity of these

compounds. Our results contribute to the understanding of

the noncovalent interactions in the context of the ligand/

receptor interactions in a two-way manner, providing a

detailed topological description of the interaction network

of bapineuzumab with AbWT and AbN3(pE) and by

showing the convenience of going beyond the concept of

pair-wise interactions in order to ‘see’ the electronic

effects in an intricate biological environment.

Figure 14. (Colour online) Sum of the values of charge density (Sr(r)) at the bond critical points for each residue of (a) AbWT and
(b) AbN3(pE).
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With respect to the biological contribution, this study

allowed us to evaluate with details the different molecular

interactions that stabilise and destabilise the formation of

the Ab–AbWT/AbN3(pE) complexes, and therefore, to

better understand why bapineuzumab might fail as a drug

anti-Alzheimer. As mentioned above, all forms of Ab
peptides produce neuronal damage leading to the death of

nerve cells. Therefore, as bapineuzumab has a higher

affinity for AbWT with respect to N-terminal truncated

species, the last one accumulates in the brain causing

cognitive decline of Alzheimer’s patients. Our results

indicate that interactions between the N-terminal segment

of the AbWT and the paratope of bapineuzumab might be

responsible for the different observed affinity.

In addition, a preliminary study of point mutation was

performed in this work, which suggested that replacement

of VL-Tyr32 by a Glu residue could improve the affinity

between the antibody and the AbN3(pE), thereby

improving its potential therapeutic effect.
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