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ABSTRACT

Conformational switching is broadly defined as an alteration in the spatial organization of a macromolecule in
response to environmental change. This study was performed to establish the relationship between variable pH and
structural and functional aspect of the diphtheria toxin (DT). Molecular dynamics (MD) simulations were
performed at different pH levels (4, 6.5, and 10) consist of a DT structure in water at 300K and salt concentration
0.25M at 100ns timescale simulation. Results showed that fluctuations were changed in the key residues at different
pH levels. Fluctuations were more profound in the fragments A and B of DT at pH4 compared with pH6.5 and
pH10. Fluctuations in the fragment A of DT (DTA) were obtained at pH4 including residues Ser9, Pro25, Tyr46,
Leu73, Argl73, and Alal87. The average of the radius of gyration (Rg) and the root mean sguare deviation (RMSD)
of the DT structure showed that decreased at pH 6.5 in comparison with pH4 and pH10. Results showed
conformational changes of DT structure at pH4 compared with pH6.5 and pH10.

Keywords: Chain B of Diphtheria Toxin; Chain A of Diphtheffaxin; Molecular dynamics simulation; Root mean
square fluctuation; Variable pH;

INTRODUCTION

The historical of pH-coupled molecular dynamics rlatively short. A decade ago, Mertz and Peltihonstrated
a titration simulation of acetic acid using an oggatem Hamiltonian [1].

Protein structure and function are strongly depehaa solvent pH. This dependence is due to changdise
predominant protonation state of titratable gro(gisefly side chains of certain amino acids and tévenini of
peptide chains) as solvent pH changes. Varioustsiral predictions of the simulation are pH depertaerolecular
dynamics simulation methods which are used to pteéde substrate specificity and selection of ereynThereby,
they provide a deep insight to studies relatedriecgiral and functional aspect [2]. Among bactepi@tein toxins
with an intracellular target, diphtheria toxin iseoof the issues most studied. The crystal straa@DT was solved
in 1992 at a resolution of 2%\[3] and was refined in 1994 at a resolution & 24, at 2 °A using crystals of
dimers of entangled monomers, [4] and finally &51°A(Steere, Weiss and Eisenberg, PDB ID 1FOL). DR is
protein of 535 amino acids organized in three stma¢ domains of equivalent sizes, which are frbmN- to the C-
terminus: the catalytic (C), the transmembraneandocation (T) and the receptor-binding (R) domsairherefore,
C corresponds to fragment A, and T and R to fragrBeaccording to the classical denomination usedéxterial
toxins with intracellular targets [5]. How the emagtic active moiety crosses the membrane is ndtumelerstood
for any toxin but, for DT and certain other toxif@d for many animal viruses, as well), acidicamtiscular pH is
known to trigger the process. A variety of evidemudicates that the membrane translocation evanbfo occurs
when the toxin is exposed to a pH near 5.0 in tidosomal compartment [6-9]. In vitro, treatmentDdf with a
buffer of pH near 5.0 induces a conformational deathat causes the toxin to insert into artifidiigld baitlayers
[10-13], as manifested, for example, by the fororatf ion-conductive membrane channels [14, 15¢hSthannels
have been observed both in natural and artificiaimforanes, but their relationship to the translocatf DTA
remains uncertain [16, 17]. The fragment B of DTTH) mediates membrane insertion, channel formatand
translocation of DTA, and hydrophobic regions presd within DTB have been proposed to functionhiase
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activities [18]. The pH-induced conformational sshiing is essential for functioning of diphtheriaitg which
undergoes a membrane insertion/translocation transtriggered by endosomal acidification as a letgp of
cellular entry [19].

Although the effects of pH on the conformation hée=n studied by various methods, there is litifferimation
available about the precise mechanism of triggebipcacidic conditions [20]. As the function of teeproteins
resides on the stability of the 3D structure, hemealecular dynamics simulation based analysissgtial to study
the structural stability in different physiologic&nvironment [21]. ThepH dependent molecular dynamics
simulation methods are used to predict the sulestpécificity and selection of proteins, therebgvides a deep
insight into studies regarding structural and fioral aspect [22].

The prime objective of this study is to evaluate #ffect pH (acidic, basic, and natural) on theictre and
function of the diphtheria toxin using molecularndynic simulation. The results of the simulationsDdf in
different pH levels (4, 6.5, and 10) were compdmgdroot mean square fluctuation (RMSF), Radius yhtion
(Rg), Root mean square of deviation (RMSD), second@ucture and tertiary structure.

MATERIALSAND METHODS

Diphtheria toxin structure was retrieved from PiotBata Bank (PDB). The selected protein PDB IDOLRvas
consideredThe 1.55 angstrom crystal structure of wild typghtleria toxin with X-ray diffraction was used [28]
is advisable to use Deep View to preview the filgdu know that your structure may be disorder&kep View
will replace any missing side chains [24]. We néedadd OXT (add c-terminal oxygen) at the C-terrhierad.
Water molecules in the crystal were reserved irsthmulations. The protonation process was done thighprotein
to prepare the series of protonated proteins bggukl++ server, which was the input for moleculanayics
simulation [25]. The server allows quick obtainiagd estimation of pKa as well as other related adtaristics of
bio-molecules such as isoelectric points, titratonves, and energies of protonation microstatessb automates
the process of preparing the input files for typimalecular dynamics simulations.

Protons are added to the input structure accortirtye calculated ionization states of the chemgzalips at the
user specified pH. The output structure is in tigRP(PDB + charges + radii) format. The moleculanawics
simulations were done by GROMACS 4.5.4 package $ifsguAMBER99SB force field and periodic boundary
conditions [26]. Three simulation boxes with dimens of 9.5 x 9.5 x 9.5 nm were defined. Then, lsowere
filled with the appropriate number of water molexulin order to neutralize the system, the appaibpriumbers of
Na and Cl ions were added to each box. To elimiaateundesirable contacts atoms and initial kinetiergy in the
simulation boxes, the energy was minimized by apglythe steepest descent algorithm. The coordinasea
function of time were represented a trajectory lo¢ tsystem. At initial simulation (t=0) coordinategre
distinguishable and were written to an output fiteregular intervals. Then, each of the definingtams, was
equilibrating in two stages, including 5 ns, NPT &V T simulations with temperature and pressurediat 300 K
and 1 bar, respectively. The pressure was contf@lel bar and the temperature was retained at 3hg
Parrinello-Rahman Barostat [27] and V-rescale tlstat [28] respectively. For each component of dhetems,
PME algorithm [29] was applied to estimate the tetestatic interactions, LINCS algorithm [30] was @oyed to
fix the chemical bonds in the atoms of the proteid was used SETTLE algorithm [31] in the solventauoules in
different pH (4,6.5,10) levels. Three simulationgstem were run in temperature 300K, keeping the sal
concentration at 0.25M and at 100 nanosecondsr &fieh simulation, various properties, like RMS&dius of
gyration, RMSD, secondary structure and compact prafiles and three dimensional structures were pzaed
and analyzed. All simulations were repeated tottestonvergence of the results.

RESULTSAND DISCUSSION

We have found about fluctuations of the key todess in the diphtheria toxin. The root mean sqdlactuation
(RMSF) is a measure of the deviation between ths#tipa of a particle and some reference positidre fluctuation
occurs due to the protonation that influences tblvesit accessibility in specific residues [32] dmtt the
protonation is the reason for the structural flatiton.

Figure 1, was showed RMSF in the backbone structdr®T at different pH levels (acidic-basic —neljtra
Fluctuations of the key amino acid residues in fhetein structure were affected by RMSF. The sdlven
accessibility was dependent predominantly on buasied exposed regions of proteins, indicating theimmim and
the maximum accessibility of the amino acid res&dte the solvent respectively [33]. Results rewvediegher
fluctuations in the residues Ser9, Pro25, Tyr46j13% Argl73, and Alal87 at pH4. These residuesratbe C
domain which is in fragment A.
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Fig. 1. Comparison of RM SF of thefinal DT structure, residuesat 300 K in different pH levels, after 100ns timescale simulation; blue
lineisat pH10, red dotted lineisat pH4, green lineisat pH6.5

The N terminal of C domain (1-193) catalyzes ttaxtion of NAD+ dependent ADP ribosylation of the&karyotic
translation elongation factor eEF2 that resultprisiein synthesis arrest in the cell [34] and delith via apoptosis
[35].

In the previous studies and the results of the vadrkther scientists, the loop consists of 14 anani residues
(186-201) linking the C domain to the T domain, ethimust be cleaved in order to activate DT [36-39].
Fluctuations were in the region around these residuys236, Ser291, Glu292, Asp295, Glu349, Asp2&n373,
Asn376, and Arg377 which are in T domain at pH4lomain has 23 acidic residues, most of whichrathe polar
part of the sequence, this results are comparistn previous studied so that residue Glu362, whigs in the
middle of TH9, which residues 322-382 in the T dom@orresponding to the proposed transmembraneeseC
and D) from ion channels in lipid bilayer membraf#@]. Glu349 and Asp352 are in the loop connectiatices
TH8 and TH9 [41]. Also fluctuations were in the i@y around these residues: Lys385, and residuad0at
GIn411 (Glu402, Asp403, Serd04, lle405, 1le406, 4rg, Thr408, Gly409, Phe410, GIn41l), Gly439, Sér44
Lys474, Ser496, Ser535, which located in R domahrese results are comparison with previous stutlias at
acidic pH observed residues were in R domain inotpd\rg407-Glu413, Ala463-Thr469, and Lys516-Lys522
and from residues Ser494 to Asp507 [41]. The C-tmhof R domain (386-535) binds with a receptortbe
surface of the cell [42]. These results showedtiattons in DTA at pH4 are higher than that in DTB.

AS shown in Figure 1, at pH6.5, fluctuations wenmethe region around these residues: Ser535, Lys5e6194,
Phe410, Pro378, Glu326, Thrl69, Pro72 and at pHktfuations were in the region of the residues2Bré\sn69,
Glyl71, Phe410, Pro438, Ser496, and Lys534. So Angi71, Asn69, Pro25 are in DTA and other residues
mention above are in DTB. Glu326 is in T domain abhin region of amino acids (205-378) provides the
translocation of C domain into cytosol [13].

Residues including of Ser535, Lys526, Ser494, Pbedthd Pro378 are in R domain. R has a flattenéal tod
topology containing eleven strands, which rougldgemble the fold of the immunoglobulin variable éom{43].
These data are in agreement with mutagenesis stpdiing the residues importance for recognitinrheparin-
binding epidermal growth factor-like growth fact¢tB-EGF) [44, 45] and in the R domain includingsb16 and
Phe530 and to a lesser extent Tyr514, Val523,Asnbgeb26, [46] and Ser508 and Ser525 [47]. Fluobnst of T
and R domains expressed by RMSF values (T dom&s00nm and 1.0102nm for Glu326 and His257 respelgti
at pH 6.5 versus 0.8682nm and 0.4826nm at the sammeo acid residues at pH 10; R domain: 1.4331mo3F),
1.8759 nm (Gly409), 1.6503 nm (Lys447), 1.1521 ar494) at pH 6.5 versus 1.3213nm, 1.8424nm, 1r&7W81
and 1.4959nm at pH10 for the same amino acids)Ha6> were higher than those at pH10. The mosthef t
fluctuations at pH 4 were related to C domain ofADRMSF analyses after 100 ns timescale showed tteat
solvent accessibility and the amino acid residagilfiility of fragment A at pH 4 was more than the¢goH 6.5 and
pH 10. These results are in agreement with prevaudies indicating that the low pH-induced confational
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transition of the fragment A increased binding lo¢ fprotein to NAD and EF-2 [48, 49]. Comparing tesof
previous studies and our RMSF simulations were ipred that the lower fluctuation produces a lowerding of
NAD and protein target.

The molecular spatial packing of amino acid ressdigean important aspect of protein stability. Anpact packing
of amino acid residues is known to establish bl¢hstability and folding rate of proteins. Radifiggration (Rg) is
a parameter that describes the equilibrium conftomaf a total system, hence it provides an oletgyma into the
global dimension of protein [50]. The more compaet protein, the lower is folding rate [51]. Thengmactness has
been defined as a ratio of the accessible surfiezeaf a protein to the surface area of the idelaése of the same
volume. This parameter has already been used taatBaze the compactness of protein structurep B@ values
of diphtheria toxin were obtained from final traj@ty simulations at different pHs (see Figure 2%. iAhas been
shown, The Rg value of DT at pH 4 was 2.5150 nrthatbeginning of the simulation (t=0), and it read¢ho
2.5288 nm at the end of the simulation (t= 100 As)pH 6.5, Rg was 2.5142 nm at simulation stad eeached to
2.5496 nm at the end of the simulation (FigureA230 at pH 10, Rg was 2.5125 nm in the start ofdimeulation
and increased to 2.5544 nm at the end of the stianlarhe final trajectory files showed that averagf the Rg at
pH4 was more than that at pH10 and pH 6.5.
Rg(DT)(pH=4,6.5,10)

260
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Fig. 2. Comparison of Rg of thefinal DT structure, residuesat 300 K, in differential pH levels, after 100ns timescale smulation; blueline
isat pH10, red dotted lineisat pH4, green lineisat pH6.5

This is justified since higher hydrophobicity woulglsult in more compact conformations due to steorsplvent
pressure [53]. From above discussions, it can lenstood that the hydrophobic interaction is a natractive
force in protein folding. As results, decreased &n be expected increased compactness and molecular
hydrophobicity of overall DT at pH6.5.

Protein folding studies often reported the root mequare deviation of the “best-predicted” struetinom the
crystal structure as a measure of success. Alenufolding procedures generated compact strucasesresult of a
Van der Waals’ attractive term or a hydrophobigrten their potential or pseudo-potential functidbd]. High
deviations from an initial native structure canrbiated to the instability which is imposed by #wvent. RMSD
refers to root mean square deviation from backlodrtee structure to the initial starting struct{fé].

The profile of RMSD was obtained from molecular dgrics simulation and has been given in the Figuréhg
overall RMSD was found to be a suitable and minindewiation which was obtained to final structurérasic pH
(pH10) with RMSD=0.1432nm and at natural pH (pH6Ah RMSD=0.1375nm in comparison with maximum
deviation (RMSD=0.1503nm) at acidic pH (pH 4). Thisel of fluctuation together with a minute difé&ice in
average RMSD value after the relaxation time ingicknat the simulation produced stable trajectdmyis is
providing a suitable basis for more investigation.
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Fig. 3. RMSD of backbone atoms of thefinal DT structure, residuesat 300 K, after 100ns timescale smulation, in differential pH levels;
bluelineisat pH10, red dotted lineisat pH4, green lineisat pH6.5

The final trajectory of DT structure after 100 medscale simulations at different pH levels (456and 10), were
analyzed with relative number of secondary strestuand coils by Kabsch—Sander method [56]. As st ieen
shown, DT structure at pH6.5 was increased to amehB-sheets in comparison with pH4 and pH10. In contiats
pH6.5 coil decreased more than that of pH4 and pld&8 table. 1). Change frsheets has an influence on helices
and acts as a stability factor. Thereby, a sigaifidncrease of thg-sheet and turn structure has occurred in DT at
neutral pH. Helix at pH4 increased more than that#6.5 and pH10.

Result of simulation showed that three dimensicstalicture of DT of the disulfide bridge (Cys186-29%)
presented at pH6.5 and pH10 (see Figure 4(a), &i4(lr)), however did not contain at pH4 (see Figi{(®). Also,
hydrogen bonded was not presence between oxygéda@B7 and hydrogen of Cys201 at pH10. In the negio
Tyr514-Ser525 was changed conformational structdr®T at pH4 in comparison with pH6.5 and pH10 (see
Figure 5(a), Figure 5(b), Figure 5(c)). Resultdloke dimensional of DT structures with b-factomrevshown in
Figure 6 which the B-factors can be taken as inifigathe relative vibrational motion of differenas of the
structure.

@ (b) ()

Fig. 4. Snapshotsof DT structurein water at 300 K in differential pH levelsin theregion 185Ala-202l le residues, after 100nstimescale
simulation; a. Snapshotsof DT structurein theregion 185Ala-202lleresiduesat pH6.5; b. Snapshotsof DT structurein theregion
185Ala-202Ileresidues at pH10; c. Snapshotsof DT structurein the region 185Ala-202l le residues at pH4
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Fig. 5. Snapshotsof DT structurein water at 300K in differential pH levelsin the region 514Tyr-525Ser residues, after 100ns timescale
simulation; a. Snapshotsof thefinal DT structurein theregion 514Tyr-525Ser residues at pH6.5; b. Snapshots of thefinal DT structure
in theregion 514Tyr-525Ser residues at pH10; c. Snapshotsof thefinal DT structurein theregion 514Tyr-525Ser residuesat pH4

(a) (b) (c)
Fig. 6. Snapshots of three dimensional structure of DT at different pH levelsand colored with b-factor, after 100ns timescale simulation:
Blueiscool regions; Green intermediate and Red ishot (most mobile).a. Snapshotsof 3 D structure of DT at pH6.5; b. Snapshotsof 3D
structureof DT at pH10; c. Snapshotsof 3D structureof DT at pH4

Table 1: Comparison of secondary structure of DT at different pH levels (pH4, pH6.5 and pH10), after 100 ns simulation.

Secondary Structure | DT (pH4) | DT (pH6.5) | DT (pH10)
Helix 30.6% 28.5% 28.5%
Sheet 28.3% 29. 2% 28.8%
Turn 11.5% 13.5% 10.8%
Coil 27.9% 25.8% 27.1%
3-10 Helix 1.7% 3.1% 4.8%

These results fully confirmed with previous studibdt have been shown effect pH on the structndefanction of
the diphtheria toxin [19]. These results were pnés@ detail of atom by atom in DT by molecular dyma
simulation at different pH levels.

CONCLUSION

Our results demonstrated that the conformationahgh of DT structure at pH 4 was more profound thanhat pH

10 and pH 6.5. The conformational change was obseinw the receptor binding domain (Tyr514-Ser52&) a
fragment A of DT. Regarding the results of molecutiynamic simulation, decreased RMSD and increased
compactness of DT at pH 6.5 compared with pH 4 @idL0. Considering our RMSF values and previoudistu
about the DT function at different pH values, we@gate that the more fluctuation may result irtdyebinding of

the DT structure at pH4 to NAD and the target grote comparison with pH6.5 and pH10. These restdts be
used to reveal the mechanism of the DT functiodifédrent pH levels.
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