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Identification of conformational B-cell epitopes in diphtheria

toxin at varying temperatures using molecular dynamics

simulations
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Abstract

The changes in temperature le\‘/g'ca

properties via alteration of {Ns.

mechanism of action is' simi 0 se (hnost bacterial toxins like botulinum, tetanus and anthrax. The protection

tentially affect the toxins in terms of stability and immunological

theria Toxin (DT) is highly considered by scientists because its

of conformational B-cell epitopes is critically important in the process of diphtheria vaccine production. This study

ed for evaluation of the conformational changes of the DT structure at three different

DT compared at different temperatures using the contact map (CM). Results showed that the root mean square
deviation (RMSD) of the DT structure increased upon temperature rising. Amino acids D68, G128, G171, C186 and
K534-S535 at 27°C and 37°C as well as amino acids G26, P38, S291, T267, H384, A356 and V518 at 47°C showed

higher root mean square fluctuation (RMSF) values. Our finding demonstrated that the stability of the DT structure



decreased at high temperature (47°C). The solvent accessible surface area (SASA) diagram showed that
hydrophobicity of the DT structure increased via temperature rising. Amino acid residues belonging to B-cell
epitopes extended through increasing temperature. However, B-cell epitopes belonging to the junction region of
chains A and B were only present at 37°C. The results of this study are expected to be applicable for determining a

suitable temperature level for the production process of diphtheria vaccine.
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DT is a protein of 535 residues that is composed of three structuram almi sizes, including the

catalytic (C) (1-193), the transmembrane (T) (201-378) and receptor bindi R) d ins (386-535)(Chenal et al.

N

2002a). T and R domains are connected by a hinge loop (3 iffﬁé) but d T domains by a disulfide bridge
frag

(C186-C201) (Chenal et al., 2002b). The C domain is found i

fragment (Menestrina et al., 1994). W
( \i
The A fragment of the toxin can be released from whole toxin by proteolysis and reduction of the disulfide bond

tand T and R domains are located in the B

between A and B chains. In isolated fo

N4 . |
e e me studies that high temperature may make changes in the DT
were sidered as the cause of denaturation. In vitro experimental methods have
b 2

put forward that the al tramgition.at a level ranges from 48°C to 51°C are irreversible (Zhao and London, 1986).

is able to catalyze ADP ribosylation (Gordon and Leppla,

1994). It has been observed i

conformation and these chan

experimental studies strongly support this hypothesis, the lack of a computational investigation is seriously felt in

this case.

In this work, we first compared MD simulation results of the DT structure at different temperatures because we
would like to understand the influence of temperature on its conformational stability. These results were compared
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with measures including the RMSF, Rg, RMSD and SASA. The secondary structures also were analyzed at different
temperatures (27°C, 37 C and 47 C). The tertiary structures were then compared using contact maps. In the second

part of the present work, we studied the effect of temperature on the DT's B-cell epitopes.

Computational Details

The crystal structure of wild type DT, from PDB entry 1FOL, studied here. This structure has etermined by X-

ray diffraction at 1.55 A resolution and pH 6.5 (Steere and Eisenberg, 2000). The YA (Krieger and

Mo lar V“lah ation, was

% ons !0 atoms) of the

Vriend, 2015), which is one of the most robust, stable and widely used programs

used to preview the DT structure. The protonation state (i.e. the addition om
e “

structure was set to neutral pH for each of the three temperature lev@ C, and 47°C by H++ web
server (Anandakrishnan et al., 2012). The MD simulations Mone bMACS 154 package (Abraham et al.

2015) in which AMBERO99SB (Salomon-Ferrer et al., 2013)Ned du& its desirable efficiency in protein

simulation as the force field (Hornak et al., 2006) and ic boundary conditions was used (Satpathy et al.,
i X

2010). Moreover, three 9.5 x 9.5 x 9.5 (nm®) ati es were defined for the DT protein and then TIP3P

water was added to them (Jorgensen et al., lﬁThe son OFselecting cubic shape for the simulation box was its

simplicity and high frequency of usage ers. To neutralize the system, the appropriate numbers of Na* and

CI ions were added to each box£Te eliminate any undesirable contact atoms and also initial kinetic energy in the

simulation boxes, the energy ized by applying the steepest descent algorithm (Arfken, 1985). Then, each

of the defined system ilibrium in two ensembles of NVT and NPT (at a fixed pressure of 1 bar)
simulations. For both sta ensembles we used a V- rescale algorithm as the coupling time (Johnson et al.,

of 27°C, 37°C and 47°C were considered as temperature parameters for the above

simulations) boxes. Furthermore, a velocity-rescaling thermostat was used to prolong a constant
sst et al., 2007). To maintain pressure at the selected set level during simulations, the Parrinello-

Rahman stat was used in any equilibration steps and MD simulations. (Parrinello et al., 1983). For each

component of the systems PME (Particle Mesh Ewald) algorithm used to calculate the electrostatic interactions

(Darden et al., 1993). Furthermore, to fix the chemical bonds formed between protein molecules, the LINCS (Linear

Constraint Solver) algorithm was used (Hess et al., 1997). All bonds containing hydrogens were constrained using

the SHAKE algorithm (Krautler et al., 2001). Once the forces acting on each of the system atoms were calculated,




the positions of these atoms were moved according to Newton's laws of motion which was integrated in the system

by Verlet algorithm (Grubmiiller et al., 1991). Three MD simulations were performed at 50 ns. The assignment of

secondary structures was performed by Kabsch—Sander method_(Kabsch and Sander, 1983) and YASARA software

while three dimensional (3D) structures were computed and analyzed using CMView (version 1.1.1) which is an

interactive contact map visualization tool (Vehlow et al., 2011). To predict the discontinuous B-cell epitopes of DT,

we used ElliPro which is a structure based tool for prediction of epitopes

Results and Discussion

PN
£
crtr,  Eh e
RMSF of all DT's residues was calculated during 50 ns MD simu@wt t different temperature

levels including 27°C, 37°C and 47 C. RMSF is a metric mewng thM atomMobility of atoms especially

those located on the backbone (N, Co, and C atoms) (Vendom 2011). Tlhmino acid residues including D68,
G128, G171, C186-C201 and K534-S535 showed the @in the DT structure at 27°C (fig. 1). The
most unstable amino acids at 37°C were D68, C186,and K534. However, the fluctuation of C186 at

s in tEregion including the disulfide bind of fragments A

37°C was much higher than that at two other ‘mpera

and B (C186-C201). The most fluctuati w were G26, P38, S291, T267, H384, A356 and V518. The

larger values of RMSF indicate significa creasgs in random motions and instability of the residues and flexibility

of key regions of proteins 15). The interaction of a protein with a ligand and its biological partners is

critically influenced by the

This disulphide bridge (C186-C201) is crucial for toxin activity and its Reduction following cleavage of the loop

results in the separation of the C from T and the R domains and in a loss of toxicity (Chenal et al., 2002b). This

region linking C to T domains is on the trans side of the membrane while disulfide bonds introduced inside the C

domain block translocation (Falnes and Olsnes, 1995). Attempts to produce synthetic or recombinant vaccines from




fragments of DT have been described. The synthetic peptide (residues 188—201 of DT corresponding to the loop

connecting the C domain to the T domain) elicited protection against DT in guinea pigs (Audibert et al., 1981;

Boquet et al., 1982). Therefore, conserving epitopes of this region are critical in vaccine development.

Rg is a parameter that indicates the equilibrium conformation of a total system determining the protein structure

compactness (Lobanov et al., 2008). The compactness is obtained by dividing the accessible surface area of a

protein by the surface area of the ideal sphere of the same volume (Lobanov et al., 2008). Rg v of DT structures

yF -
at 27°C, 37°C and 47°C during MD simulations were shown in fig. 2. It was shown tha@e ‘t ure had the
AN A
most compactness (i.e. the minimum Rg) at 27°C as well as 37°C. A |
A
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£
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A standard measure for comparison of two structures can be a rigid body &an ation of one structure

with respect to the other by a least-squares superposition\ocedurMnd, 19‘; Kabsch, 1976; Diamond,

1988).Then, the difference of the two structures might be coNthe roMean-square deviation (RMSD) of

the Cartesian positions of the corresponding atoms

NMR spectroscopy to evaluate the mutual simil

refinement process (Laurents et al., 2001; Kéﬁ al.,

et al., 2008).
The profile of the RMSD of DT at mp&ﬂevels obtained via MD simulation was given in fig 3. The
'S
RMSD value of DT at 27°C ( 0.10 was similar to that at 37°C (RMSD=0.1471 nm). However, the

d at 42C (RMSD=1.3699 nm). This result suggested that the conformational

°C was similar to that at 37°C and much better than that at 47°C. Conformational

The final conformation of macromolecular ensembles can be predicted by the minimization of SASA when it

applies to the interaction of protein surfaces (Richmond, 1984). To assess the DT structure hydrophobicity, we

computed the SASA of the residues across each frame in an MD trajectory (fig.4) indicating that hydrophobicity of
DT conformation decreased at 27 °C and 37 °C in the selected simulation time scale. This result suggested that

conformational stability of the DT structure was reduced as a result of increasing its hydrophobicity at 47 °C. This



finding was in line with some experimental studies postulated that the increase in temperature might cause alteration

to the conformation and therefore might reflect the denaturation of DT (Pappenheimer Jr, 1937).

To get some more insights into the structural stability of DT at the three different temperature levels, we analyzed

the corresponding percentages of secondary structure elements by YASARA View program (www.yasara.org). As

indicated in Table 1, the highest B-sheets percentage of the DT structure was obtained at 37.C, whereas the highest

percentage of a-helix was observed at 27°C.

In order to investigate the effect of temperature on the tertiary structure of DT, the ¢

version 1.1.1 of CMView (Vehlow et al., 2011). A contact map represents ;a.ﬂu rotein’s 3D structure in

two dimension form. The contact maps of DT were generated for thﬂt e diffe temperatures (fig. 5).

As it is obvious from fig. 5, the structures at 37°C and 47°CVC differe the D68\76, R173, G174 and A185-

C186. However, the structures at 37°C and 27°C were simil dition, th&sulﬁde bridge found in the region
C186-C201 was conserved at 37°C and 27°C. W
In the last part of this study, B-cell epitopes T{: r DT's conformations were obtained at the three

temperature levels (Table 2). We comp resulted B-cell epitope residues. The DT structure at

47°C had the conformational B-cel
&

of the largest number of amino acid residues. The majority
of the amino acid residues fi ional B-cell epitopes of the DT structure at 37°C resided in the

catalytic domain. In ad conformational B-cell epitopes in the region including C186-C201 was only

present at the DT

s performed for evaluation of the conformational changes of the DT structure at different
cluding (27°C, 37°C and 47°C) using MD simulations. Significant decreases were observed in
percentages of B-sheets, turns and helices of the DT structure at 47°C in comparison with those at 27°C and 37°C.
Results showed that RMSD of the DT structure was increased upon increasing the temperature to more than 37°C.
The amino acids fluctuations at 27°C, 37°C in the C and R domains were similar. However, the amino acids

fluctuations at the junction of chains A and B (C186-C201) at 37°C were higher than those at 27°C. The amino acids



fluctuations in the T domain at 47°C were much higher than those in C and R domains. Our findings demonstrated
that the stability of the DT structure was decreased at 47°C as a result of increasing Rg as well as RMSD. The results
of the SASA diagram showed that the hydrophobicity of DT structure was increased upon the temperature rising.
We found that the number of B-cell epitope residues was increased by the rise in temperature level. However, B-cell

epitopes belonging to the junction region of chains A and B were only present at 37°C. Our results together

demonstrated that some critical conformational B-cell epitopes of DT were preserved and be introduced to

immune system at just 37°C; this finding is in agreement with the applied temperature coadition‘for the industrial

f N
determi

production process of DT vaccines. Therefore, the method used in this study can be applie Wn
.

X[ M be useful for

ppropriate

temperature conditions for the protein-based vaccine production process and #

production of novel vaccines and improvement of current vaccines. 0\
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Table 1. Comparison of the DT secondary structure at di n erature levels (27°C, 37°C and 47°C), after 50

ns simulation in the water.

Secondary Structure %

Helix 27.3 22.1 23.3
N 4

Sheet 26.3 27.3 25.4

Turn e 13.7 15.8 16.8

Coil 29.4 31.5 34.6

$#



Table 2- The proprietary amino acids of the B-cell epitopes distinguished at different temperature levels.

A:E112, A:P113, A:L114, A:M115,

A:Ell6, A:Q117, A: V118, A:G119,

, AtE122, A:F123, A:V134, A:N152,
A:E154, A:Q155, A:K157

A:A158, A:L159, A:S160, A:V161,
A:E162, A:L163, A:E164, A:I165,
A:N166, A:E168, A:T169, A:R170

y

B-cell epitopes 2 + *B B-cell epitopes 2 + *B B-cell epitopes 2 + *B
G WH G WH G WH

N45, A:Y46, A:D47, A:D48, A:D49, | A:R173, A:C186, A:A187, B:C201, | A:S18, A:P25, A:G26, A:Y27,
A:W50, A:K51, A:V91, A:L92, B:N203, B:L204, B:D205, B:W206, | A:V28, A:D29, A:S30, A:I31,
A:A93, A:V96, A:D97, A:N98, B:D207, B:V208, B:1209, B:R210, | A:Q32, A:K33, A:G34, A:35,
A:A99, A:E100, A:T101, A:1102, A:S18,  A:G26, A:V28, A:D29, | A:Q36, A:K59, A:G78, A:V8l,
A:K103, A:S109, A:L110, A:T111, | A:S30, A:Q32, AK33, A:G34, | A:xg>  A:V83, A:T84, A:Al56,

A:K59, A:G78, A:K82, A:T&4, —

A:A158, A:L159, A:S160, A:V16l,
AE162, A:L163, A:E164, A:1165,
A:N166, A:F167, A:E168, A:T169,
A:R170, A:G171, A:K172, B:C201,
AK37, AP38, A:K39, A:S40,

TA:G41, A:T42, A:Q43,
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fig. . Comparison of the contact map of chain A of the DT at 27°C and 37°C; B. Comparison of the contact map

of chain A of the DT at 27°C and 47°C. Black points display the common contacts; pink dots show the contacts in
27°C, which do not exist in 37°C or 47°C and green dots demonstrate the contacts in 27°C or 37°C, not existing in

47°C.






