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The  SF23  peptide  corresponding  to  the receptor  binding  fragment  of  diphtheria  toxin  (residues  508–530)
has  been  synthesized.  This  fragment  forming  a  protruding  beta  hairpin  has  been  chosen  because  it is
the  less  mutable  B-cell  epitope.  Affine  chromatography  and  ELISA  show  that  antibodies  from  the  sera of
persons  infected  by  toxigenic  Corynebacterium  diphtheriae  and  those  immunized  by  diphtheria  toxoid  are
able  to bind  the  synthetic  SF23  peptide.  There  are  antibodies  recognizing  the  SF23  peptide  in the  serum  of
horses  hyperimmunized  with  diphtheria  toxoid.  Analysis  of  circular  dichroism  spectra  show  formation
of  beta  hairpin  by the  peptide.  Taken  together,  the  results  showed  that  the  structure  of  the  less  mutable
epitope  of  C.  diphtheriae  toxin  was  reproduced  by  the short  SF23  peptide.  Since  antibodies  against  that  epi-
ynthetic vaccine
ffine chromatography
luorescence quenching
ircular dichroism

tope  should  block  its  interactions  with  cellular  receptor  (heparin-binding  epidermal  growth  factor),  the
SF23 peptide  can be  considered  as a  promising  candidate  for synthetic  vaccine  development.  Fluorescence
quenching  studies  showed  the  existence  of chloride  and  phosphate  binding  sites  on  the  SF23  molecule.
Phosphate  containing  adjuvants  (aluminum  hydroxyphosphate  or aluminum  hydroxyphosphate  sulfate)
are  recommended  to  increase  the SF23  immunogenic  properties.

©  2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

Synthetic vaccines were proposed about thirty years ago as
n alternatives to vaccines produced from bacterial cultures. The
rst target for synthetic vaccine development was diphtheria toxin
Audibert et al., 1981, 1982). Indeed, it is much better to immu-
ize against a small peptide than against the full length protein. A
ynthetic vaccine has to focus the immune system on B-cell epi-
opes which are important for neutralizing antibodies production.
urthermore, small peptides are safer than toxoids, even though
oxoids are claimed to be completely attenuated by formalin (Metz,
005). The risk of autoimmune reaction is decreased greatly when

 short peptide with a small number of potential targets for anti-
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

ody development is used. Peptide synthesis may  be cheaper than
oxoid production, especially if the length is less than 25 amino acid
esidues.

∗ Corresponding author. Tel.: +375 172845957.
E-mail address: vvkhrustalev@mail.ru (V.V. Khrustalev).

ttp://dx.doi.org/10.1016/j.molimm.2014.07.008
161-5890/© 2014 Elsevier Ltd. All rights reserved.
Antigenic features of diphtheria toxoid are not the same as
those of diphtheria toxin. During vaccine production, diphtheria
toxin is incubated for several weeks with formaldehyde (Metz,
2005). It was  shown that formaldehyde forms methylol adducts and
Schiff-bases with side-chains of arginine, cysteine, histidine, lysine
and tryptophan residues (Metz, 2005). Moreover, formaldehyde
treatment causes formation of stable cross-links between primary
amino groups and several amino acid residues including arginine,
asparagine, glutamine, histidine, tyrosine and tryptophan (Metz,
2005). This means that some immunogenic epitopes in some parts
of toxoid molecules have different structures than those of the wild
toxin. That is why  a short peptide which does not require treatment
with formaldehyde should be more effective than full length toxoid
with partially damaged tertiary structure.

Since 1981 several peptides and even domains of diphtheria
toxin were suggested as candidates for synthetic or recombinant
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

vaccines. However, diphtheria toxoid is still used for immunization
against diphtheria as a part of combined vaccines. In fact, the first
suggested peptide (Audibert et al., 1981, 1982) corresponds to the
loop (residues 188–201) between two  alpha helices, which cannot

dx.doi.org/10.1016/j.molimm.2014.07.008
dx.doi.org/10.1016/j.molimm.2014.07.008
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
mailto:vvkhrustalev@mail.ru
dx.doi.org/10.1016/j.molimm.2014.07.008
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e visualized by X-ray. This loop demonstrates a rather low level
f hydrophobic amino acid usage, that is not common for random
oil structures situated between two alpha helices, when they are
ot intrinsically disordered regions (Khrustalev et al., 2013). The
tructure of such a “loop” peptide would be quite unstable: just a
mall part of peptide molecules in the given moment of time may
imic  the real epitope.
Antibodies to the longer recombinant peptide (residues

68–220) did not show neutralizing activity (Lobeck et al., 1998).
oreover, this peptide had a poor capacity to bind antibodies

resent in equine diphtheria antitoxin (Lobeck et al., 1998). So, in
ur opinion, it is very important to immunize with a peptide which
as quite predictable secondary (and so, tertiary) structure. The
tructure of the epitope should be reproducible.

It is known that some part of secondary structure elements are
ormed due to the contacts with other parts of a protein, which are
ituated close to them in a tertiary structure; while those interact-
ng parts of a protein may  be separated by dozens and hundreds
f amino acid residues in a primary structure. Formation of sec-
ndary structure elements of a vaccine peptide should not require
ny influence of those fragments of a full length molecule which
re not included into that peptide.

Immunization against the whole receptor-binding domain of
iphtheria toxin was shown to be successful (Lobeck et al., 1998;
ascimento et al., 2010). However, that domain is rather long (154
mino acid residues) for the development of relatively cheap syn-
hetic vaccine.

In the present work we report that the SF23 synthetic peptide
potential candidate for diphtheria vaccine development) created
y us, passed through the first set of experiments required to test its
ntigenic and structural features. We  selected just a single antigenic
equence of the diphtheria toxin guided by a prior in silico study
Khrustalev et al., 2011). Three other peptide candidates showed
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

igher levels of mutability (see Section 4), and were excluded from
n vitro step of the project described in the current work. The SF23
eptide corresponds to the consensus sequence of the less mutable

ig. 1. Crystal structure of the diphtheria toxin (1F0L) with antigenic epitopes predicted
iphtheria toxin and its receptor (B). The epitope corresponding to the SF23 peptide is show
oxin  is shown in gray, its receptor (heparin-binding epidermal growth factor) is shown i
 PRESS
munology xxx (2014) xxx–xxx

conserved epitope of diphtheria toxin (Khrustalev et al., 2011) that
has a reproducible secondary structure (beta hairpin).

According to the Epces (Liang et al., 2009) prediction, there are
13 out of 23 amino acid residues included in the SF23 peptide
which are designated as antigenic ones in the structure of the full-
length toxin. These residues have dark colors in Fig. 1A, unlike those
residues which were considered nonantigenic (they are shown as
light gray in Fig. 1). Interestingly, the Leu5 residue, considered as
nonantigenic, makes a hydrophobic contact with the cellular recep-
tor for diphtheria toxin binding (see Fig. 1B) (Louie et al., 1997). It
means that the first beta strand (that includes the Leu5 residue)
is situated on the surface of a protein and interacts with other
proteins, including heparin-binding epidermal growth factor and,
probably, with neutralizing antibodies.

In general, there are seven amino acid residues included in the
SF23 peptide which are involved in different contacts with amino
acid residues from heparin-binding epidermal growth factor, as it
can be seen in the 1XDT (Louie et al., 1997) structure (see Fig. 1B):
Leu5, Val11 and Val16 participate in hydrophobic contacts, Gln8
and Lys19 form hydrogen bonds, Lys9 and Asp12 take part in ionic
interactions. So, antibodies against SF23 peptide should prevent
diphtheria toxin binding to the cellular receptor if that peptide has
the same or similar structure to the corresponding fragment of the
full length protein.

We used affine chromatography and ELISA to show that the SF23
peptide is recognized by antibodies raised against diphtheria toxin
and diphtheria toxoid. With the help of fluorescence quenching
methodology we showed that the chloride ion coordination site
existing in the full length molecule has been reproduced in the
SF23 peptide. Circular dichroism spectrum analysis confirmed that
the SF23 peptide contains beta hairpin. Those results show that the
structure of the SF23 peptide is similar to the structure of the recep-
tor binding fragment of diphtheria toxin receptor binding domain.
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

Moreover, we showed the existence of a phosphate binding site
on the peptide which should increase its adsorption on phosphate
containing adjuvants.

 by the Epces algorithm (A); and crystal structure of the complex (1XDT) between
n by the ellipse. Antigenicity level increases from light gray to black (A). Diphtheria

n black (B).

dx.doi.org/10.1016/j.molimm.2014.07.008
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. Materials and methods

.1. Peptide synthesis

The SF23 peptide corresponding to the least mutable epitope
f Corynebacterium diphtheriae toxin has been synthesized by the
eptide 2.0 Company (http://peptide20.com/). The sequence of the
F23 peptide is as follows: SIGVLGYQKTVDHTKVNSKLSLF. Auto-
atic “Symphony” synthesizer (Protein Technologies, Inc) was

sed for peptide synthesis, “Shimadzu LCMS-2010” mass spectro-
raph and “Agilent 1200” chromatograph were used for quality
ontrol checking. Molar mass of the peptide is equal to 2535 g/mol,
he level of purity is 95.4%.

.2. Immobilization of peptide

We  used “AminoLink Plus Immobilization Trial Kit” (Thermo
cientific, Inc.) to immobilize the SF23 peptide. The standard pro-
ocol of immobilization requires the usage of 0.1 M citrate buffer,
H = 10, for the first step of the procedure (Hermanson et al., 1992).
he SF23 peptide cannot be dissolved in that buffer. Indeed, the
soelectric point for our synthetic peptide is somewhere between
.539 and 10.723 according to the Isoelectric Point Calculator
http://isoelectric.ovh.org). The average pI for the peptide calcu-
ated with the usage of 10 slightly different scales of pKs for amino
cids is equal to 10.012. For this reason we started the immobi-
ization procedure at the second step, as suggested by the protocol
Hermanson et al., 1992).

The SF23 peptide (2 mg)  was dissolved in 2 ml  of 0.1 M PBS,
H = 7.4. Then it was added to the column and incubated with
odium cyanoborohydride (50 mM of NaCNBH3) for 6 h. As a result,
ovalent bonds between aldehyde groups from the gel and amino
roups from the peptide were formed. There are four NH2 groups
n each SF23 molecule. The next step included the quenching of
emained active sites in the gel (by 1 M tris·HCl buffer pH = 7.4) in
he presence of cyanoborohydride (50 mM of NaCNBH3). Then the
olumn was washed (1 M NaCl) and equilibrated with 0.1 M pH = 7.4
BS.

.3. Affine chromatography

The column with immobilized SF23 peptide has been used for
hecking the presence of antibodies able to bind the peptide in the
erum of a person infected with a toxigenic C. diphtheriae strain,
n the sera of two persons immunized with diphtheria toxoid, and
n the control sera of horses which were not immunized by tox-
ids, as well as in the concentrated sera of horses hyperimmunized
y diphtheria toxoid, Clostridium tetani toxoid and three types of
lostridium botulinum toxoids. All human participants gave written

nformed consent to use their sera in immunological experiments.
he protocol of affinity purification included incubation of 1.5 ml
f a serum dissolved in 0.5 ml  of 0.1 M pH = 7.4 PBS with a gel con-
aining immobilized SF23 molecules for 1 h, 14 washes by the 0.1 M
H = 7.4 PBS (2 ml  each) and 10 washes by the IgG Elution buffer
Thermo Scientific, Inc.) which was used as the eluent (Hermanson
t al., 1992).

We used a “Hitachi 650-60” spectrofluorometer to measure the
ntense of tryptophan fluorescence in washes and elutes (excitation

avelength = 296 nm,  emission wavelength = 345 nm). Our peptide
ontains no tryptophan residues. So, tryptophan residues in washes
nd elutes are from serum proteins (including immunoglobulins)
nd not from the peptide itself. Levels of fluorescence in all the
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

ashes and elutes were divided by the level of fluorescence in the
ast wash.

We  used industrially produced concentrated horse sera against
. diphtheriae toxoid, C. tetani toxoid and against C. botulinum
 PRESS
munology xxx (2014) xxx–xxx 3

toxoids type A, type B and type E, as well as control horse serum
(“MicroGen” company, Russian Federation).

2.4. Enzyme-linked immunosorbent analysis

Eight wells of the high binding micro-well plate (BIOHIT,
Finland) contained the SF23 peptide dissolved in 0.2 M phos-
phate buffer, pH = 6.9. The final concentration of the SF23 peptide
was 0.01 �g per well. Control wells contained 0.2 M phosphate
buffer, pH = 6.9, without peptide. After overnight incubation wells
were washed 5 times (0.001 M tris·HCl with Tween 20 and NaCl,
pH = 7.4) and incubated with 1% (w/v) bovine serum albumin
solution in 0.2 M PBS, pH = 7.4, for 1 h at 37 ◦C. After the next
washing procedure (see above) wells were incubated with control
normal human plasma (it was  reconstituted by deionized water
from the lyophilized control normal human plasma produced by
the Rebuplican Research and Practice Center for Hematology and
Transfusiology, Minsk, Belarus) for 1 h at 37 ◦C. That plasma is a
mixture containing material from 40 donors. The next step included
washing and covering wells by anti-human IgG conjugated to
alkaline phosphatase (Institute Virion\Serion GmbH, Wurzburg,
Germany) for 30 min  at 37 ◦C. Then wells were washed and filled by
substrate (para-nitrophenylphosphate) solution for 30 min at 37 ◦C.
The reaction was stopped by 1.2 M NaOH. Optical density in wells
was measured with a photometer for microtiter plates at the wave-
length of 405 nm.  The significance of the difference between optical
densities in plates covered and not covered by the SF23 peptide was
checked by t-test.

2.5. Circular dichroism spectrography

The circular dichroism (CD) spectrum of the SF23 peptide was
measured with a Jasco-815 spectropolarimeter (Jasco, Japan). The
concentration of the peptide was  100 �g/ml. Measurements were
performed in 0.01 M PBS, pH = 7.4, at 23 ◦C. All spectra were cor-
rected against the baseline obtained with a pure buffer sample, and
were smoothed using a binomial algorithm provided by Jasco. The
final spectrum shows the average of five independent replicates.
Scans were obtained from 300 to 190 nm at a rate of 50 nm/min
with a bandwidth of 1 nm in 300 �l quartz cuvette with a path
length of 1 mm.  HT(V) for the spectrum studied did not exceed
487 at 190 nm.  The spectra were analyzed using CDNN program
(created by Dr. Gerald Böhm, Applied Photophysics Ltd., UK).

2.6. Fluorescence quenching

We used two salts (CsCl and KI) for fluorescence quenching of
the SF23 peptide in the 0.1 M PBS, pH = 7.4. Manganese salts cannot
be dissolved in phosphate buffer because of insoluble manganese
phosphate formation. That is why we used 0.1 M tris·HCl buffer,
pH = 7.4 to dissolve SF23 and four salts (MnCl2, MnSO4, CsCl and
KI) for fluorescence quenching experiments.

In all experiments we  titrated the peptide solution with 40 �l of
a 1 M salt solution seven times and measured the intensity of tyro-
sine fluorescence (excitation wave length = 270 nm,  emission wave
length = 305 nm)  using a “Hitachi 650-60” spectrofluorometer.

To highlight the two-phase character of the titration curves
obtained, we built linear filtration trends (two neighboring points
were used in that process) by MS  Excel program.

2.7. Bioinformatic algorithms
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

We used the Epces algorithm (http://sysbio.unl.edu/EPCES/
http://sysbio.unl.edu/EPCES/) for conformational (3D) epitopes
mapping (Liang et al., 2009) on the C. diphtheriae toxin structure
(its PDB ID is 1F0L, Steere, 2001), as well as on structures of four

dx.doi.org/10.1016/j.molimm.2014.07.008
http://peptide20.com/
http://isoelectric.ovh.org/
http://sysbio.unl.edu/EPCES/http://sysbio.unl.edu/EPCES/
http://sysbio.unl.edu/EPCES/http://sysbio.unl.edu/EPCES/
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ther bacterial toxins: C. tetani toxin (1AF9) (Umland et al., 1997);
. botulinum toxin type A (2VU9) (Stenmark et al., 2008), type B
1S0G) (Eswaramoorthy et al., 2004), and type E (3FFZ) (Kumaran
t al., 2009). The Epces algorithm produces PDB files with colored
esidues (Liang et al., 2009). In the black and white variant of anti-
enicity representation used in the present work, the higher the
ntigenicity of a given amino acid, the stronger is the shift from
ight gray to black color.

The Protein Interactions Calculator (http://pic.mbu.iisc.
rnet.in/) (Tina et al., 2007) has been used to study interac-
ions between heparin-binding epidermal growth factor and
iphtheria toxin on the 1XDT structure (Louie et al., 1997).

To make a model of SF23 peptide we used the Swiss Model server
http://swissmodel.expasy.org/) (Kiefer et al., 2009) in alignment

ode. Peptide structure has been modeled using a 1F0L template.
ven though the model of peptide and the fragment of 1F0L are
ery similar, there are at least two important differences introduced
y the Swiss Model server. The first residue possesses a free NH2
roup, and the last residue possesses a free COOH group. Presence
f free amino and carboxyl groups is very important for the correct
rediction of ion binding sites.

The Isoelectric Point Calculator (http://isoelectric.ovh.org) has
een used to calculate the isoelectric point for the SF23 peptide.

The BION server (http://compbio.clemson.edu/bion server/)
Petukh et al., 2012) has been used to predict the most probable
ites of Cl− and Mn2+ ions binding. That server predicts ion binding
ites on the basis of electrostatic interactions.

The SITEHOUND web server (http://scbx.mssm.edu/sitehound/
itehound-web/Input.html) (Hernandez et al., 2009) was used to
redict the most probable sites of phosphate ions binding.

The PROSPER (protease specificity prediction server) (Song et al.,
013) has been used to predict proteolysis sites on C. tetani and
. botulinum toxins. That server (http://lightning.med.monash.edu.
u/PROSPER/webserver.html) is able to predict those sites for sev-
ral types of proteases and for several concrete enzymes.

. Results

.1. Binding of immobilized SF23 peptide by antibodies against
iphtheria toxin

Concentrated horse serum containing specific antibodies is
idely used for diphtheria treatment. Antibodies from that serum

re able to neutralize circulating toxin. We  checked the presence of
ntibodies able to bind the SF23 in the concentrated serum of horses
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

yperimmunized by diphtheria toxoid. According to the results
f affine chromatography (we used AminoLink Plus column for
mmobilization of the peptide), there is a high peak of fluorescence
ntensity in the third elute (see Fig. 2A). Fluorescence intensity

ig. 2. Results of affine chromatography on a column with immobilized SF23 peptide fo
he  control horse serum (B).
 PRESS
munology xxx (2014) xxx–xxx

is directly proportional to the concentration of fluorophores. The
higher the amount of tryptophan (i.e. the higher is the concentra-
tion of immunoglobulin), the higher is fluorescence intensity.

Antibodies able to bind the SF23 peptide have also been found
by us in the serum of a toxigenic C. diphtheriae strain carrier, as well
as in sera of persons immunized by diphtheria toxoid.

At the present time it is difficult to find persons who are not vac-
cinated against diphtheria. Because of this, the control horse serum
(“MicroGen” company, Russian Federation) was used as a negative
control. There were no peaks of fluorescence intensity after the
beginning of elution (see Fig. 2B). So, there are no antibodies able
to cross-react with the SF23 peptide in the serum of horses which
were not immunized by diphtheria toxoid.

To show that antibodies (and not some other proteins
from human or horse sera) are able to bind the SF23 pep-
tide, we  performed additional experiment with enzyme-linked
immunosorbent. We  adsorbed the peptide in eight wells of the
BIOHIT (Finland) plate in the low concentration (0.01 �g per well)
and performed standard ELISA procedure with control normal
human plasma (a mixture of plasma from 40 donors produced
by the Rebuplican Research and Practice Center for Hematology
and Transfusiology, Minsk, Belarus), and secondary anti-human
IgG antibodies conjugated with alkaline phosphatase (produced by
Institute Virion\Serion GmbH, Wurzburg, Germany).

The results showed that the optical density at 405 nm in wells
of microplates containing the SF23 peptide was 2.05 times higher
(P = 4.26 × 10−6) than that in control wells which did not con-
tain the peptide. This means that molecules of IgG from human
plasma bound adsorbed peptide, while anti-human IgG antibodies
conjugated with alkaline phosphatase bound molecules of human
immunoglobulin. An experiment with anti-human IgG antibodies
showed that the SF23 peptide is a target for immunoglobulin G
binding. That IgG can be found in the blood of persons immunized
with diphtheria toxin.

The least mutable epitope of diphtheria toxin is able to provoke
formation of antibodies. Antibodies able to bind that epitope are
produced in both human and horse organisms. The SF23 peptide
should have a structure reproducible enough to bind antibodies
against the corresponding epitope.

3.2. Secondary structure content of the SF23 peptide based on CD
spectrum analysis

The CD spectrum represented in Fig. 3 has been analyzed by
CDNN program. According to the results of that analysis, the SF23
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

peptide contains 34.9% of antiparallel beta sheet, 20.5% of beta turns
and 34.7% of random coil. Percentages of alpha helices and parallel
beta sheet are rather low. Results of CD spectrum matching with
the set of reference spectra (obtained from relatively long proteins)

r the concentrated serum of horses hyperimmunized by diphtheria toxoid (A) and

dx.doi.org/10.1016/j.molimm.2014.07.008
http://pic.mbu.iisc.ernet.in/
http://pic.mbu.iisc.ernet.in/
http://swissmodel.expasy.org/
http://isoelectric.ovh.org/
http://compbio.clemson.edu/bion_server/
http://scbx.mssm.edu/sitehound/sitehound-web/Input.html
http://scbx.mssm.edu/sitehound/sitehound-web/Input.html
http://lightning.med.monash.edu.au/PROSPER/webserver.html
http://lightning.med.monash.edu.au/PROSPER/webserver.html
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Fig. 4. Titration curves for the SF23 peptide fluorescence quenching by CsCl and KI
(in  0.1 M PBS and in 0.1 M tris·HCl buffers, pH = 7.4), and by MnCl2 and MnSO4 (in
0.1  M tris·HCl buffer, pH = 7.4). Linear filtration trends are built by the MS  Excel (two
neighboring points were used).

Fig. 5. 3D model of the SF23 peptide with phosphate oxygen atoms binding areas
predicted by the SITEHOUND web server (A), and cation binding site predicted by the
BION server, together with chloride binding site reconstructed from 1F0L structure,
ig. 3. Circular dichroism spectrum for the SF23 peptide dissolved in 0.01 M PBS,
H  = 7.4.

hould be considered on the qualitative and not on the quantita-
ive level, at least, for short peptides. So, we may  say that the SF23
eptide is a beta structural one and forms a beta hairpin (each beta
airpin should contain an antiparallel beta sheet in its stem and
eta turns in its loop). We  also can be sure that the SF23 peptide
oes not form an alpha helix and a parallel beta sheet.

.3. Quenching of the SF23 peptide fluorescence

The structure of SF23 peptide has been tested by us with the
elp of fluorescence quenching as well. There is a single fluorophore
Tyr7 residue) in the SF23 peptide. Because of this, it was relatively
asy to interpret the results of fluorescence quenching. In the 1F0L
tructure of diphtheria toxin, the chloride ion is coordinated by the
itrogen atom from the NH2 group of Lys9 and by the nitrogen
tom from the peptide bond of Lys19 residues included in the SF23
eptide (Steere, 2001). The third ligand of the same Cl− ion (yet
nother nitrogen atom from the side chain of a histidine residue) is
ot included into the SF23 peptide.

Iodide ion should occupy the same site as chloride ion if the
tructure of the antigenic epitope is reproduced by the SF23. Lys19
nd Lys9 can be close enough to each other if beta structure is
ormed by the peptide. So, the fact of I− binding may  be inter-
reted as additional evidence of beta structure formation by the
F23. As one can see in Fig. 4, iodide ions quench Tyr7 fluorescence
uch better than cationic quenchers (Cs+ and Mn2+). At the concen-

ration of 0.038 M I− ions occupied all available binding sites (see
he point of discontinuity in the titration curve for KI from Fig. 4)
nd decreased the intensity of Tyr7 fluorescence to the 76.3% level
relative to the expected dilution). The distance between the coor-
inated I− ion and the center of Tyr7 should be equal to 9.48 Å. In
ig. 5B, the I− (or Cl−) ion is shown by the gray ball.

Cesium ions are able to quench Tyr7 fluorescence only in tris·HCl
uffer, while they cannot quench it in PBS (see Fig. 4). This interest-

ng phenomenon may  be caused by the phosphate binding to the
ation binding site. Indeed, there is just a single site for cation bind-
ng on the SF23 predicted by the BION server (Petukh et al., 2012).
hat site can be found near the loop of the beta hairpin containing
he only one amino acid residue with carboxyl group on its side
hain (Asp12) for the whole peptide. As one can see in Fig. 5A, that
oop of the SF23 hairpin is the “hottest” site for phosphate binding
ccording to the SITEHOUND server (Hernandez et al., 2009) predic-
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

ion. It is very likely that Cs+ cation can be bound by Asp12 in tris·HCl
uffer and, because of that binding, it can cause a small decrease in
yr7 fluorescence (at the concentration of 0.051 M,  Cs+ has made
he intensity of the SF23 fluorescence equal to 93.2% relative to the
and suggested second Mn2+ binding site situated near chloride ion (B). The most
probable phosphate binding area is shown by a black cloud (A). Cations are shown
by black spheres, chloride ion is shown by a gray sphere (B).

expected dilution). When the experiment was performed in PBS,
the phosphate ion occupied the space around the Asp12 residue and
shielded the peptide from interactions with Cs+. Here we should say
that the quenching effect of Cs+ in tris·HCl buffer is weak because
of the long distance between cation bound to Asp12 and the center
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

of Tyr7 aromatic ring (21.14 Å) (Lakowicz et al., 2002).
The manganese(II) cation can also be bound by Asp12 residue

(the BION prediction supports this suggestion). In this case Mn2+

ions would have to quench Tyr7 fluorescence as with Cs+ ions. In

dx.doi.org/10.1016/j.molimm.2014.07.008
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Fig. 6. Results of affine chromatography on a column with immobilized SF23 peptide for the concentrated sera of horses hyperimmunized by C. tetani toxoid (A), C. botulinum
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act, Mn2+ ions (supplied as both MnCl2 and MnSO4) quench fluo-
escence about 1.6 times better than Cs+ (at the concentration of
.051 M,  Mn2+ has made the intensity of SF23 fluorescence equal to
9.0% relative to the expected dilution). This means that Mn2+ ions
hould have at least one additional binding site. The most probable
ocation of that site should be somewhere near already bound Cl−

on. One of the possible coordination spheres for the second Mn2+

on includes Cl− ion, the oxygen atom from Ser18 OH group and the
xygen atom from peptide bond of Lys19. The position of that addi-
ional Mn2+ ion is shown in Fig. 5B by the black ball situated nearby
he light gray one. On one hand, the appearance of the additional

n2+ binding site on the SF23 peptide with isoelectric point equal
o 10 may  be explained only by the anion-dependent mechanism
f binding. On the other hand, the fact of Mn2+ binding may  be con-
idered as yet more evidence for Cl− coordination site existence,
nd so, as one more evidence of beta structure formation.

If phosphate ions from PBS are able to prevent Cs+ interactions
ith the SF23 peptide, then there is a site for phosphate ion bind-

ng on it. If titration curves for manganese chloride and manganese
ulfate are almost equal to each other, then sulfate ion cannot sub-
titute chloride ion in its binding site and cannot occupy the site for
hosphate binding as well. According to these results, phosphate
ontaining adjuvants (and not those containing just sulfate anion)
re preferable for future experiments on animal immunization by
he SF23 peptide.

.4. Cross-reactions of the SF23 peptide with antibodies against

. tetani and C. botulinum toxins
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

C. tetani and C. botulinum produce toxins which are sim-
lar to the C. diphtheriae toxin. All these toxins have three
omains: beta-structural receptor-binding domain, alpha-helical
“transmembrane” domain, and the catalytic domain which enters
the cytoplasm (Bell and Eisenberg, 1997). The “transmembrane”
domain is responsible for conformational change in lysosomes at
low pH. Due to that change of conformation, the “transmembrane”
domain makes a pore in the lysosome membrane and the catalytic
domain enters the cytoplasm through that pore (Bell and Eisenberg,
1997). C. tetani toxin and different types of C. botulinum toxins are
relatively close homologues. As to the C. diphtheriae toxin, it has an
amino acid sequence almost completely different from those of C.
tetani and C. botulinum toxins. However, similarities in the mecha-
nism of action and in domain organization lead us to suggest that
C. diphtheriae toxin is a very distant homologue of C. tetani and C.
botulinum toxins. C. diphtheriae toxin has already lost most of the
“similarity islands” with its distant relatives, except a single one.
That last remaining “similarity island” was included in the SF23
peptide.

As one can see in Fig. 6, antibodies to C. tetani toxoid, as well
as those to C. botulinum type A, B and E toxoids, can cross-react
with SF23 peptide. Cross-reactions represented in Fig. 6 can be
explained by the presence of an amino acid sequence in the SF23
peptide similar to those in C. tetani and C. botulinum toxins. That
sequence is represented in Fig. 7. Amino acids 1–6 from the SF23
peptide (SIGVLG) form a motif which can be found in C-terminal
parts of receptor-binding domains from toxins of C. tetani and C.
botulinum.

Indeed, motifs similar to “SIGVLG” from the SF23 peptide can
be found in four other toxins (see Fig. 7) after the alignment by
the Muscle algorithm included in the MEGA 6 program (Tamura
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

et al., 2013). In all analyzed toxins that motif exists in the form of
beta strand. The first position is occupied by a hydrophilic residue
(Ser, Asp, Glu or Asn). The second position contains either Ile or
Leu. The fourth (Val, Phe or Leu) and the fifth (Leu, Ile or Val)

dx.doi.org/10.1016/j.molimm.2014.07.008


ARTICLE IN PRESSG Model
MIMM-4449; No. of Pages 10

T.A. Khrustaleva et al. / Molecular Immunology xxx (2014) xxx–xxx 7

Fig. 7. Pairwise alignments of the SF23 peptide sequence with C. botulinum type A toxoid (A), C. botulinum type B toxoid (B), C. botulinum type E toxoid (C), C. tetani toxoid (D),
as  well as multiple alignment (E). Identical amino acid residues are in bold underlined font. Nonidentical amino acid residues from the SIGVLG motif and similar motives in C.
tetani  and C. botulinum toxoids are in italic font. Sequences which may be deleted due to the proteolysis according to the results of the PROSPER algorithm are in underlined
f
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ositions are also occupied by hydrophobic residues. The third and
he sixth positions are occupied by Gly residues in all five toxins
see Fig. 7E).

According to the structure of the diphtheria toxin/receptor com-
lex (1XDT) (Louie et al., 1997), the SIGVLG motif is able to interact
ith antibodies. In contrast, similar motifs in C. tetani and C.

otulinum toxins are shielded from antibodies by their C-termini.
ctually, those C-termini of toxins include helices possessing a S-X-
Y motif for receptor binding (Benson et al., 2011). Those helices

re situated directly on beta strands possessing motifs similar to
IGVLG from the SF23 peptide (see Fig. 8A). Proteolytic enzymes
hould remove C-termini of C. botulinum and C. tetani toxins (see
ig. 8B) to “open up” epitopes similar to that from diphtheria toxin
see Section 4). Anyway, according to our results, there are anti-
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

odies raised against that beta strand of those toxins and not just
gainst their highly antigenic random coil regions. Even though epi-
opes made from regular secondary structure elements are thought
o be less antigenic than those made from the irregular random coil,
they still have sufficient antigenicity levels to provoke formation of
antibodies.

4. Discussion

Epitopes used for synthetic vaccine development should be con-
served and they should have low level of mutability (Khrustalev,
2010). Conservation is a term applied to evolutionary processes,
while mutability is a term applied to mutagenesis. Conserved epi-
topes are those which are protected from amino acid substitutions
by negative selection. Epitopes of a low mutability are those which
are protected from amino acid substitutions by specific nucleotide
usage biases in regions of DNA encoding them. In other words, the
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

probability of missense mutation (causing amino acid replacement)
should be low in regions of DNA encoding less mutable epitopes.

Theoretically, those epitopes which are conserved may  be muta-
ble: amino acid substitutions may  occur fast in them, while they will

dx.doi.org/10.1016/j.molimm.2014.07.008
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ig. 8. Crystal structure of the full-length (A) receptor-binding domain of C. botulin
y  the Epces algorithm (antigenic sequences are shown by black color). Hidden (A)

e eliminated by negative selection. However, sooner or later a new
ubstitution which has no effect on survival will appear because
f the high mutability. On the other hand, an epitope with low
utability level may  be quite variable because of the weak neg-

tive selection. So, a good vaccine epitope should be conserved and
hould have low mutability level.

According to our data, the gene coding for diphtheria toxin is
rone to GC to AT mutations: there is mutational AT-pressure in
hat gene (Khrustalev et al., 2011). Previously we  estimated the
isk of missense mutation in four regions of the diphtheria toxin
ene (those regions are coding for predicted antigenic B-cellular
pitopes) (Khrustalev et al., 2011). As a result, we have chosen only
ne region with lowest probabilities of missense G to A, G to T and

 to A mutations. The probability of missense G to A mutation is
qual to the ratio between the usage of missense sites for G to A
utations and the sum of missense, synonymous and nonsense

ites usages for that particular type of nucleotide mutation. So, the
igher is the level of G in synonymous and nonsense sites for G to A
ransitions, and the lower is its usage in missense sites, the lower is
he probability that G to A mutation in the region of DNA will cause
mino acid substitution in the epitope.

For example, the sequence encoding a part of diphtheria toxin
rom residue 168 to residue 220 once used for peptide synthesis
Lobeck et al., 1998) has about 1.5 times higher usage of missense
ites for G to A mutations than the sequence encoding the fragment
rom residue 508 to residue 530 corresponding to the SF23 peptide
Khrustalev et al., 2011). Since G to A transitions are frequent in
he gene encoding diphtheria toxin (Khrustalev et al., 2011), the
robability of amino acid substitution occurrence is higher in the
68–220 fragment than in the 508–530 region. It means that the
ragment 508–530 is less mutable than the fragment 168–220.

Yet another important feature of vaccine epitope is its secondary
tructure. Traditionally, the most immunogenic sequences have
een chosen for vaccine epitopes. Since such amino acids as Pro
nd Gly are usually situated on the surface of a protein, they are
nown as highly immunogenic ones (Hopp and Woods, 1983). The
ame thing can be said about tracts of hydrophilic amino acids
Hopp and Woods, 1983). Unfortunately, both sequences enriched
y Pro and Gly (Chou and Fasman, 1978), as well as those with
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

ydrophilic tracts (Khrustalev and Barkovsky, 2012), have no reg-
lar secondary structure. This means that their exact conformation
epends mostly on neighboring fragments of the protein. If those

rregular fragments are isolated from other parts of a protein, they
pe A toxin (2VU9) and of its truncated form (B) with antigenic epitopes predicted
pened (B) epitope similar to the SF23 peptide sequence is shown by ellipse.

will never form the same tertiary structure. Because of this, a lot
of synthetic vaccine candidates failed. That is why  we  decided to
choose a fragment of diphtheria toxin which has a regular sec-
ondary structure. As we showed in experiments on cross reaction
between diphtheria toxin and toxins from C. tetani and C. botulinum,
antibodies are really able to recognize beta strand of the SF23 pep-
tide, and not just the loop between two  beta strands.

It is known that some elements of secondary structure are
formed because of the characteristic features of their entire
amino acid sequences (Chou and Fasman, 1978). In contrast, some
elements of secondary structure are formed because of the interac-
tions with other parts of the protein. For example, one beta strand
may  be enriched by amino acids prone to form beta structure, while
the second beta strand may  have no amino acids prone to form
beta structure. In that case beta structure will be formed by second
beta strand just because of the presence of the first beta strand. So,
vaccine epitopes should have secondary structure elements which
will be reproduced because of their own  features. In other words, a
good vaccine epitope should not just have regular secondary struc-
ture, but it should have secondary structure elements which are
predictable by methods based on amino acid propensity scales.

The chosen epitope forms a beta hairpin in the full-length toxin.
That beta hairpin is formed by amino acids which are known as beta
formers (Ile, Val, Tyr, Phe, Thr and Leu) (Chou and Fasman, 1978).
Combinations of hydrophobic (O) and hydrophilic (W)  amino acid
residues in both N-terminus (WOOOO) and C-terminus (WOWOO)
of the peptide sequence show high probabilities of being included
in beta strands (Khrustalev and Barkovsky, 2012). So, the structure
of the less mutable B-cellular epitope should have a high probability
of reproduction in the synthetic peptide.

Bioinformatic methods of analyses are very useful in synthetic
vaccines design. With the help of in silico antigenic epitopes map-
ping, mutability and conservation analyses, as well as with the help
of secondary structure reproduction prediction one may  exclude
the most of the possible vaccine epitopes from the in vitro and in
vivo parts of the study. Finally, just a single epitope from the whole
protein should be carefully chosen on the basis of its low mutabil-
ity, high conservation, sufficient antigenicity and reproducibility of
its secondary structure. Such strategy helps to reduce the cost of
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

the whole scientific project largely and to increase the quality of
the future synthetic vaccine.

In the case of immunization by the full-length protein, the
immune system will be overloaded by the numerous epitopes.

dx.doi.org/10.1016/j.molimm.2014.07.008
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ome of them will be “opened up” only after the partial proteolysis
f the protein. According to the results of the PROSPER algorithm
Song et al., 2013) prediction, the most probable site for matrix

etallopeptidase-3 on the C. botulinum type A toxin is situated nine
mino acid residues downstream from the end of DIGFIG motif (see
ig. 7E). Matrix metallopeptidase-3 is involved in the breakdown
f extracellular proteins during tissue remodeling. That enzyme is
nvolved in wound repair (Massova et al., 1998). So, C. botulinum
ype A toxoid should be available for matrix metallopeptidase-3 in
he site of intramuscular or intradermal injection.

We modeled the protein after the cleavage by matrix
etallopeptidase-3 with the help of the Swiss Model server (Kiefer

t al., 2009) and predicted antigenic epitopes on that model with
he help of the Epces (Liang et al., 2009). As one can see in Fig. 8B,
he DIGFIG motif became more antigenic after the deletion of C-
erminus. Indeed, the beta strand has a darker color in the model
f truncated C. botulinum type A toxoid (Fig. 8B). Of course, produc-
ion of antibodies against the hidden epitope is much more possible
n case of hyperimmunization by the given toxoid, than in case of
imple immunization. Moreover, toxoid may  be partially denatu-
ated by formalin (in that case the hidden DIGFIG motif may  become
xposed even before the proteolysis) (Metz, 2005).

The C-terminus of C. botulinum type B toxoid can be cleaved
y elastase-2 according to the PROSPER algorithm prediction.
lastase-2 is secreted by neutrophils and macrophages during
nflammation (Weinrauch et al., 2002). Of course, injection of
ny toxoid causes an inflammatory reaction. Neutrophils and
acrophages are always involved not just in immunization, but

lso in proteolysis of antigens.
The C-terminus of C. botulinum type E toxoid can also be

emoved due to the elastase-2 activity. The C-terminus of C. tetani
oxoid can be cleaved nearby the SIGLVG motif by both elastase-2
nd matrix metallopeptidase-9.

Because of the proteolysis, the immune system deals with epi-
opes which can never be exposed on a functional antigen. Short
eptides which do reproduce the structure of an antigenic epitope
hould focus the attention of immune system on the small number
f targets. Moreover, only those targets which should provoke for-
ation of neutralizing antibodies should be included in synthetic

accine peptides.
It is known that immune response to short synthetic pep-

ides may  be relatively weak. Adjuvants are used to increase the
trength of immune response. Those substances (the most com-
only used adjuvants are inorganic compounds of aluminum:

luminum hydroxide, aluminum hydroxyphosphate, potassium
luminum sulfate, aluminum hydroxyphosphate sulfate, etc.) are
hought to work by helping to retain the antigen at the injection
ite. It takes some time for the immune system to produce anti-
odies against the peptide (Caulfield et al., 2007). So, if the peptide

s degraded too fast, the immune response would be insufficient.
n adjuvant should have a good capacity for adsorption of a vaccine
eptide. The presence of binding sites for ions included in adjuvants
hould increase the capacity of adsorption for a given peptide. That
s why we checked the existence of phosphate and sulfate binding
ites on the synthetized peptide described in the present work.

Because of the existence of phosphate binding site on the SF23
eptide, phosphate containing adjuvants should adsorb that pep-
ide better than sulfate-containing ones.

. Conclusions

The SF23 peptide corresponding to the less mutable B-cell epi-
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

ope of the diphtheria toxin has been synthesized. The structure of
he less mutable B-cell epitope has been reproduced by the SF23
eptide: antibodies against diphtheria toxin and diphtheria tox-
id are able to bind immobilized SF23 peptide, according to the
 PRESS
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affine chromatography and ELISA experiments; the peptide forms
a beta hairpin according to the circular dichroism spectrum anal-
ysis; there are sites for chloride and phosphate ion coordination
according to the fluorescence quenching experiments.

Antibodies from concentrated serum of horses hyperimmunized
against C. tetani and C. botulinum toxoids (types A, B and E) are
able to cross-react with immobilized SF23 peptide because of the
presence of the short common motif that becomes antigenic due to
proteolysis.

The SF23 peptide can be used in future experiments needed
for synthetic vaccine creation, since it has a structure similar to
that of the diphtheria toxin less mutable B-cell epitope. In those
experiments phosphate containing adjuvants (aluminum hydrox-
yphosphate or aluminum hydroxyphosphate sulfate) should be
used because of the existence of a phosphate binding site on the
SF23 peptide.

Acknowledgment

We  thank Professor D.R. Forsdyke, Department of Biomedi-
cal and Molecular Sciences, Queen’s University, Kingston, Canada,
for his interest in our studies, useful suggestions and significant
improvements kindly introduced by him into the current report.
We thank Dr. O.V. Stoma, the General Director of the “MedVax”
Company, Minsk, Belarus, for his ongoing interest in our studies,
support, help and sponsorship. We  also thank Dr. D.G. Shcharbin,
Laboratory of Proteomics, Institute of Biophysics and Cellular Engi-
neering of the National Academy of Sciences of Belarus, Minsk,
Belarus, for his help in circular dichroism experiment arrangement.

References

Audibert, F., Jolivet, M.,  Chedid, L., Alouf, J.E., Boquet, P., Rivaille, P., Siffert, O.,  1981.
Active antitoxic immunization by a diphtheria toxin synthetic oligopeptide.
Nature 289, 593–594.

Audibert, F., Jolivet, M.,  Chedid, L., Arnon, R., Sela, M.,  1982. Successful immuniza-
tion  with a totally synthetic diphtheria vaccine. Proc. Nat. Acad. Sci. U.S.A. 79,
5042–5046.

Metz, B., 2005. Structural characterisation of diphtheria toxoid. In: Thesis.
Khrustalev, V.V., Khrustaleva, T.A., Barkovsky, E.V., 2013. Random coil structures

in bacterial proteins. Relationships of their amino acid compositions to flank-
ing structures and corresponding genic base compositions. Biochimie 95,
1745–1754, http://dx.doi.org/10.1016/j.biochi.2013.05.014.

Lobeck, K., Drevet, P., Le’onetti, M.,  Fromen-Romano, C., Ducancel, F., Lajeunesse, E.,
Lemaire, C., Ménez, A., 1998. Towards a recombinant vaccine against diphtheria
toxin. Infect. Immun. 66, 418–423.

Nascimento, D.V., Lemes, E.M., Queiroz, J.L., Silva Jr., J.G., Nascimento, H.J., Silva, E.D.,
Hirata Jr., R., Dias, A.A., Santos, C.S., Pereira, G.M., Mattos-Guaraldi, A.L., Armoa,
G.R., 2010. Expression and purification of the immunogenically active fragment
B  of the Park Williams 8 Corynebacterium diphtheria strain toxin. Braz. J. Med.
Biol.  Res. 43, 460–466.

Khrustalev, V.V., Barkovsky, E.V., Kolodkina, V.L., Ignatyev, G.M., Semizon, A.P., 2011.
A method for estimation of immunogenic determinants mutability: case studies
of  HIV1 gp120 and diphtheria toxin. J. Integr. OMICS 1, 236–252.

Liang, S., Zheng, D., Zhang, C., Zacharias, M.,  2009. Prediction of antigenic
epitopes on protein surfaces by consensus scoring. BMC Bioinf. 10, 302,
http://dx.doi.org/10.1186/1471-2105-10-302.

Louie, G.V., Yang, W.,  Bowman, M.E., Choe, S., 1997. Crystal structure of the complex
of diphtheria toxin with an extracellular fragment of its receptor. Mol. Cell 1,
67–78.

Hermanson, G.T., Krishna, M.A., Smith, P.K., 1992. Immobilized Affinity Ligand Tech-
niques. Academic Press, Inc., San Diego, CA.

Steere, B., 2001. Characterization of high-order oligomerization and energetics in
diphtheria toxin. In: Thesis.

Umland, T.C., Wingert, L.M., Swaminathan, S., Furey, W.F., Schmidt, J.J., Sax, M.,  1997.
Structure of the receptor binding fragment HC of tetanus neurotoxin. Nat. Struct.
Mol. Biol. 4, 788–792.

Stenmark, P., Dupuy, J., Imamura, A., Kiso, M.,  Stevens, R.C., 2008. Crystal struc-
ture of botulinum neurotoxin type A in complex with the cell surface
co-receptor GT1b-insight into the toxin–neuron interaction. PLoS Pathog. 4,
E129, http://dx.doi.org/10.1371/journal.ppat.1000129.
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

Eswaramoorthy, S., Kumaran, D., Keller, J., Swaminathan, S., 2004. Role of metals
in  the biological activity of Clostridium botulinum neurotoxins. Biochemistry 43,
2209–2216.

Kumaran, D., Eswaramoorthy, S., Furey, W.,  Navaza, J., Sax, M.,  Swaminathan,
S., 2009. Domain organization in Clostridium botulinum neurotoxin type E

dx.doi.org/10.1016/j.molimm.2014.07.008
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0005
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0010
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0015
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0015
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0015
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0015
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0015
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0015
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0015
dx.doi.org/10.1016/j.biochi.2013.05.014
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0025
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0030
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0035
dx.doi.org/10.1186/1471-2105-10-302
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0045
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0050
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0055
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0060
dx.doi.org/10.1371/journal.ppat.1000129
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0070


 ING Model
M

1 lar Im

T

K

P

H

S

L

B

T

ARTICLEIMM-4449; No. of Pages 10

0 T.A. Khrustaleva et al. / Molecu

is unique: its implication in faster translocation. J. Mol. Biol. 386, 233–245,
http://dx.doi.org/10.1016/j.jmb.2008.12.027.

ina, K.G., Bhadra, R., Srinivasan, N., 2007. PIC: Protein Interactions Calculator.
Nucleic Acids Res. 35, W473–W476.

iefer, F., Arnold, K., Künzli, M.,  Bordoli, L., Schwede, T., 2009. The SWISS-
MODEL repository and associated resources. Nucleic Acids Res. 37, D387–D392,
http://dx.doi.org/10.1093/nar/gkn750.

etukh, M.,  Zhenirovskyy, M.,  Li, C., Li, L., Wang, L., Alexov, E., 2012. Pre-
dicting nonspecific ion binding using DelPhi. Biophys. J. 102, 2885–2893,
http://dx.doi.org/10.1016/j.bpj.2012.05.013.

ernandez, M.,  Ghersi, D., Sanchez, R., 2009. SITEHOUND-web: a server for lig-
and binding site identification in protein structures. Nucleic Acids Res. 37,
W413–W416, http://dx.doi.org/10.1093/nar/gkp281.

ong, J., Tan, H., Perry, A.J., Akutsu, T., Webb, G.I., Whisstock, J.C., Pike, R.N.,
2013. PROSPER: an integrated feature-based tool for predicting protease
substrate cleavage sites. PLoS One 7, e50300, http://dx.doi.org/10.1371/
journal.pone.0050300.

akowicz, J.R., et al., 2002. Topics in Fluorescence Spectroscopy: Biochemical Appli-
cations. Kluwer Academic Publishers, New York.
Please cite this article in press as: Khrustaleva, T.A., et al., Structural an
to the receptor binding fragment of diphtheria toxin. Mol. Immunol. (

ell, C.E., Eisenberg, D., 1997. Crystal structure of nucleotide-free diphtheria toxin.
Biochemistry 36, 481–488.

amura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecu-
lar  evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729,
http://dx.doi.org/10.1093/molbev/mst197.
 PRESS
munology xxx (2014) xxx–xxx

Benson, M.A., Fu, Z., Kim, J.-J.P., Baldwin, M.R., 2011. Unique ganglioside recog-
nition strategies for clostridial neurotoxins. J. Biol. Chem. 286, 34015–34022,
http://dx.doi.org/10.1074/jbc.M111.272054.

Khrustalev, V.V., 2010. Levels of HIV1 gp120 3D B-cell epitopes mutability and vari-
ability: searching for possible vaccine epitopes. Immunol. Invest. 39, 551–569,
http://dx.doi.org/10.3109/08820131003706313.

Hopp, T.P., Woods, K.R., 1983. A computer program for predicting protein antigenic
determinants. Mol. Immunol. 20, 483–489.

Chou, P.Y., Fasman, G.D., 1978. Prediction of the secondary structure of proteins
from their amino acid sequence. Adv. Enzymol. Relat. Areas Mol. Biol. 47,
45–48.

Khrustalev, V.V., Barkovsky, E.V., 2012. Stabilization of secondary structure ele-
ments by specific combinations of hydrophilic and hydrophobic amino acid
residues is more important for proteins encoded by GC-poor genes. Biochimie
94,  2706–2715, http://dx.doi.org/10.1016/j.biochi.2012.08.008.

Massova, I., Kotra, L.P., Fridman, R., Mobashery, S., 1998. Matrix metalloproteinases:
structures, evolution, and diversification. FASEB J. 12, 1075–1095.

Weinrauch, Y., Drujan, D., Shapiro, S.D., Weiss, J., Zychlinsky, A., 2002. Neu-
trophil elastase targets virulence factors of enterobacteria. Nature 417,
d antigenic features of the synthetic SF23 peptide corresponding
2014), http://dx.doi.org/10.1016/j.molimm.2014.07.008

91–94.
Caulfield, M.J., Shi, L., Wang, S., Wang, B., Tobery, T.W., Mach, H., Ahl, P.L., Cannon,

J.L., Cook, J.C., Heinrichs, J.H., Sitrin, R.D., 2007. Effect of alternative aluminum
adjuvants on the absorption and immunogenicity of HPV16 L1 VLPs in mice.
Hum. Vaccines 3, 139–146.

dx.doi.org/10.1016/j.molimm.2014.07.008
dx.doi.org/10.1016/j.jmb.2008.12.027
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0080
dx.doi.org/10.1093/nar/gkn750
dx.doi.org/10.1016/j.bpj.2012.05.013
dx.doi.org/10.1093/nar/gkp281
dx.doi.org/10.1371/journal.pone.0050300
dx.doi.org/10.1371/journal.pone.0050300
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0105
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0110
dx.doi.org/10.1093/molbev/mst197
dx.doi.org/10.1074/jbc.M111.272054
dx.doi.org/10.3109/08820131003706313
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0130
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0135
dx.doi.org/10.1016/j.biochi.2012.08.008
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0145
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0150
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155
http://refhub.elsevier.com/S0161-5890(14)00178-3/sbref0155

	Structural and antigenic features of the synthetic SF23 peptide corresponding to the receptor binding fragment of diphther...
	1 Introduction
	2 Materials and methods
	2.1 Peptide synthesis
	2.2 Immobilization of peptide
	2.3 Affine chromatography
	2.4 Enzyme-linked immunosorbent analysis
	2.5 Circular dichroism spectrography
	2.6 Fluorescence quenching
	2.7 Bioinformatic algorithms

	3 Results
	3.1 Binding of immobilized SF23 peptide by antibodies against diphtheria toxin
	3.2 Secondary structure content of the SF23 peptide based on CD spectrum analysis
	3.3 Quenching of the SF23 peptide fluorescence
	3.4 Cross-reactions of the SF23 peptide with antibodies against C. tetani and C. botulinum toxins

	4 Discussion
	5 Conclusions
	Acknowledgment
	References


