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a b s t r a c t

Simulating antigen–antibody interactions are crucial for understanding antigen–antibody associations in
immunology. To shed further light on this question, we study a dissociation of the Syrian hamster prion
epitope protein–fab 3f4 antibody complex structure. The stretching, that is, the distance between the
center of mass of the prion epitope protein and the fab 3f4 antibody, has been studied using potential of
mean force (PMF) calculations based on molecular dynamics (MD) and the implicit water model. For the
complex structure, there are four important intermediates, U-shaped groove on the antibodies, and two
inter-protein molecular hydrogen bonds in the stretching process. Use of our simulations may help in
understanding the binding mechanics of the complex structure, and thus of significance in the design of
antibodies against prion disease.

� 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Stretching mechanics is an important factor for understanding
antigen–antibody associations and improving antigen–antibody
binding efficiency in immunology. The cellular prion protein (PrPC)
is an essential element in the pathogenesis of a group of human
and animal neurodegenerative diseases, which include bovine
spongiform encephalopathy in cattle, scrapie in sheep, Creutz-
feldt–Jacob disease, Gerstmann–Staussler syndrome and fatal
familiar insomnia in humans [1,2]. The accumulation of the scrapie
isoform (PrPSc) of the prion protein leads to these prion associa-
tion diseases. The formation of the PrPSc from the PrPC is a post-
translational process without candidate chemical modifications,
and the conversion involves substantial changes in the secondary
structure of the protein with PrPC containing a-helices and with
PrPSc enriched in b-sheets [3]. From an X-ray experiment, Cohen
et al. [4] shows the U-shaped groove on the antibodies (Tyr32,
Ile34, Tyr252, Trp89, Gly91, His95, Trp269, Asp271, Glu272,
Asn276, and Gln278) and two intermolecular hydrogen bonds may
play important roles in binding the specific epitope of PrPSc [5].

However, the protein–protein binding mechanics is difficult to
track by experimental methods, and thus MD simulations have
been more readily applied to analyze the complex structure
binding mechanics.

The PMF method is a practical application to better understand
the binding interactions between two group molecules. For bio-
logical systems like the binding force of the double helix DNA [6]
and the lysozyme–antibody interactions [7], the PMF is calculated
for analyzing the intermolecular interactions. Our PMF calcula-
tions of stretching the complex structure from equilibrium MD
simulations were performed with umbrella sampling techniques
and the weighted histogram analysis method (WHAM). Compu-
tations on the stretching of the complex structure were performed
in a generalized Born (GB) solvent model [8] instead of an explicit
solvent model [9]. The GB [10–16] solvent model is suitable to
protein macromolecules and more efficiently used to account for
the solvent effect. The stretching distance is from 3.0 nm to
6.0 nm.

In the present study, MD simulations were performed to study
the stretching of the prion–antibody complex structure. Detailed
analysis of the MD simulations revealed the PMF, the profile of
cumulate changed dihedral angles (CCDAs), the pair interactions of
the U-shaped groove-prion epitope, the root mean square
displacement (RMSD) of the U-shaped groove, and the distance
trajectories of the two hydrogen bon ds (DTOHB) in the stretching
process.
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2. Methods

2.1. Initial model systems of the prion epitope protein–antibody
complex

Several prion–antibody complex structures were dissolved and
deposited in protein data banks [4,17]. We used the X-ray structure
of the Syrian hamster prion epitope protein–fab 3f4 antibody
complex (PDB ID: 1CU4) as the initial model because the interac-
tions of the complex structures have been well studied by Cohen
et al. [4]. This model was assigned protonation states at pH 7.0 [18],
and is shown in Fig. 1.

2.2. Computational models and details

Calculations were performed with the software program
Charmm [19] using the Charmm parameters (par_all27_prot_na)
and the GB solvent model. All MD simulations were performed in
the canonical ensemble [20] (the simulation temperature is equal
to 310 K), unless noted, using the Verlet integrator, an integration
time step of 0.002 ps and SHAKE [21] of all covalent bonds
involving hydrogen atoms. Atoms based truncation was conducted
using shift electrostatic and switch van der Waals functions with
a 1.8 nm cutoff for atom-pair lists. The complex structure was
minimized for 10,000 conjugate gradient steps, and this minimized
complex structure was then subjected to a 1 ns isothermal,
constant volume MD simulation. The final structure was used to
initiate the PMF calculations and the MD trajectories were used
to obtain the normal CCDAs’ calculations.

2.3. Potential of mean force calculations (Helmholtz free energy)

The Charmm miscellaneous mean field potential (MMFP) was
applied in the stretching constraints. The PMF calculations used
a reaction coordinate (r), defined as the distance between the
center of mass of the prion epitope protein and the fab 3f4 anti-
body, to describe the complex structure binding mechanics. The
r value was varied from 3.0 nm to 6.0 nm in 0.1 nm increments. The
MD simulations for PMF determination were performed with an
initial 0.5 ns equilibration followed by 1 ns of sampling at a given r.

Fig. 1. Model for the stretching (center of mass extension) simulation on the Syrian hamster prion epitope protein–fab 3f4 antibody complex.

Fig. 2. (A) The calculated PMF profile (r of 3.0–6.0 nm). (B) The distance trajectories of
the two intermolecular hydrogen bonds.
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The WHAM [22] method was used to analyze molecular
dynamics or monte carlo simulation data. WHAM minimizes the
error in the density-of-states function and facilitates the calcula-
tions of free energy surfaces. In each simulation, two quantities
were monitored: the total system potential energy (V) and the total
numbers of r (NNL). Calculating the density-of-states function (U)
for two quantities is computationally impractical. Thus it was
necessary to calculate several U, each a function of different ther-
modynamic parameters. The formula of U is

U ðV ; NNLÞ ¼
Pk

j¼1 NkðV ; NNLÞ
Pk

j¼1 nj exp
�
� fj � bjV

� (1)

where NNL and V are the monitored parameters, Nk is the number of
occurrences for sampling with (V, NNL), fj is equal to bAj where Aj is
the free energy of simulation j, b are 1/kBT, k is the number of
simulations, and nj is the number of samples form simulation j. The
free energies were calculated by solving

PbðV ; NNLÞ ¼
Pk

i¼1 NiðV ; NNLÞ expð � bVÞ
Pk

j¼1 nj exp
�
� fj � bjV

� (2)

expð � fkÞ ¼
X

V ; NNL

Pbk
ðV ; NNLÞ (3)

where Pb is the probability of observing a sample with (V, NNL).
Thermodynamic averages are calculated from

< NNL >¼

P
V ; NNL

ðNNLÞ*UðV ; NNLÞ expð � bVÞ
P

V ; NNL

UðV ; NNLÞ expð � bVÞ (4)

using NNL as an example. Free energies are calculated via

FðNNLÞ ¼ �kBT ln
n

PbðNNLÞ
o

(5)

PbðNNLÞ ¼
X

V

PbðV ; NNLÞ (6)

All our PMF calculations were based on the Allen’s WHAM program
[23].

3. Results and discussion

3.1. PMF profile, DTOHB, and normal range of CCDAs

The PMF profile is shown in Fig. 2A and there were four major
energy barriers (r was equal to 3.74, 4.15, 4.79, and 5.39 nm) in the
stretching process. The distance trajectories of the two intermo-
lecular hydrogen bonds are shown in Fig. 2B and the two bonds
occurred in the r of 3.00–3.70 nm.

The normal range of CCDAs is shown in Table 1. The average of
the all amino CCDAs was less than 30 degrees and the maximum of
CCDAs was less than 300 degrees. From the results it seems that the
large CCDAs (more than 300 degrees) are important events in the
complex binding mechanics. The stretching CCDAs are shown in
Fig. 3 and the amino residues (Thr126, Ser127, Phe209, Ala236 and
Val423) have obvious variations in the phi or psi angles.

Table 1
The normal range of amino residues’ CCDAs (the Syrian hamster prion epitope
protein–fab 3f4 antibody complex structure).

Amino
residue

Cumulative changes in dihedral angles/degree

Maximum
of phi (F)

Maximum
of psi (J)

Average
of phi (F)

Average
of psi (J)

ALA 92.00 136.00 14.00 16.00
ARG 106.00 90.00 22.00 16.00
ASN 93.00 224.00 14.00 19.00
ASP 100.00 159.00 13.00 23.00
CYS 84.00 143.00 13.00 23.00
GLN 97.00 186.00 17.00 14.00
GLU 108.00 100.00 19.00 15.00
GLY 231.00 297.00 20.00 20.00
HSD 96.00 86.00 14.00 14.00
ILE 73.00 47.00 11.00 9.00
LEU 114.00 62.00 16.00 12.00
LYS 292.00 69.00 16.00 11.00
MET 52.00 97.00 13.00 14.00
PHE 73.00 55.00 14.00 11.00
PRO 67.00 122.00 16.00 15.00
SER 117.00 93.00 18.00 15.00
TRP 83.00 63.00 13.00 13.00
TYR 77.00 112.00 12.00 13.00
VAL 74.00 78.00 13.00 11.00

Fig. 3. A profile of cumulate changed dihedral angles (phi and psi) for the value of r
from 3.0 nm through 6.0 nm. Here the amount of amino residues: 1–315 and 326–425
(antibody), 316–325 (Syrian hamster prion epitope protein).
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3.2. The RMSD and pair interactions of the U-shaped groove on the
antibodies

The RMSD of the U-shaped groove is shown in Fig. 4A, and the
value was less than 3.5 within the stretching process. The pair
interactions of the U-shaped groove-prion epitope are shown in
Fig. 4B. When the reaction coordinate r was less than 4.02 nm, the
pair interactions were strong, especially for the r of 3.11 nm (equal
to 150.16 kcal/mol). The pair interactions were quickly decayed
within the r of 4.03–4.60 nm, and when the r was greater than
4.60 nm, the pair interactions were equal to zero.

3.3. Analysis of the four major energy barriers

The stretching CCDAs were individually traced in the four major
energy barriers and the results are shown in Table 2. In the first
energy barrier, the three residues (Thr126, Ser127, and Phe209) and
the two hydrogen bonds (DTOHB were more than 0.5 nm) were all
significant and overcame the energy barrier. The RMSD and the pair
interactions (the U-shaped groove) were individually equal to 1.7
and �136.52 kcal/mol, respectively, and the energy barrier height
was equal to 6.04 kcal/mol. In the second energy barrier, the three
residues (Thr126, Ser127, and Phe209) had strongly rotated psi
angles. The RMSD and the pair interactions (the U-shaped groove)
were individually equal to 1.8 and �67.82 kcal/mol, respectively,
and the energy barrier height was equal to 6.70 kcal/mol. In the

third energy barrier, the two residues (Phe209 and Val423) had psi
angles that were rotated more than 400.00 degrees. The RMSD and
the pair interactions (the U-shaped groove) were individually equal
to 1.9 and 0.00 kcal/mol, respectively, and the energy barrier height
was equal to 6.50 kcal/mol. In the last energy barrier, there was only
one residue (Ala236) which rotated approximately 400.00 degrees
in the phi angle. The RMSD and the pair interactions (the U-shaped
groove) were individually equal to 2.3 and 0.00 kcal/mol, respec-
tively, and the energy barrier height was equal to 3.53 kcal/mol.

Our simulation results suggest that there are four major energy
barriers in the complex structure binding mechanics, and that
the U-shaped groove and the five residues (Thr126, Ser127, Phe209,
Ala236 and Val423) play important roles in relaxing the complex
structure and making it easy to bind together. After the complex
structure system overcomes the 4–2 energy barriers, the U-shaped
groove and the two hydrogen bonds might help the complex
structure overcome the first energy barriers more easily.

4. Conclusions

In this paper, we proposed using stretching of the prion–
antibody complex structure to predict the binding mechanics and
the free energy profile, and carried out the stretching prion–
antibody complex MD simulations. We used the WHAM method to
extract the PMF profile from the MD simulations and found four
major energy barriers in the stretching process. In this work, we
used cumulative changed dihedral angles (CCDAs), RMSD/pair
interactions of the U-shaped groove and the two intermolecular
hydrogen bonds to analyze the energy barriers. From the results
obtained, we suggest that the five residues (Thr126, Ser127,
Phe209, Ala236 and Val423), the U-shaped groove and the two
inter-protein molecular hydrogen bonds might play important
roles in the development of bioactive antibody analogues.
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