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Abstract Enterohemorrhagic (EHEC) and enteroaggregative
(EAEC) are two pathotypes of diarrtheagenic Escherichia coli.
EAEC strains express adhesins called aggregate adherence
fimbriae (AAFs) which the bacteria use to adhere to intestinal
mucosa. EHEC virulence factor is Shiga toxin which belongs
to the ABS toxin family. B subunit, the nontoxic part of Shiga
toxin (StxB), forms a homo pentamer and is responsible for
binding to target cells. StxB has recently been proven to have
adjuvant activity. In the current study we fused StxB encoding
gene to 3' end of genes encoding two variants of AAFs, i.e.,
AAF/I and AAF/IL. The in silico studies on tertiary structure
and biochemical characteristics of Shiga toxin A subunit
(StxA) revealed more resemblance to AAF/II than AAF/L
The constructs were prepared in a way that StxB could imitate
its natural structure (pentamer formation) and its position (C-
terminus) in the native toxin complex. The expression of these
constructs showed the formation of AAF/II-B as a protein
complex but with lower molecular mass than its expected size.
In contrast, the AAF/I-B complex was not formed. Overall,
the results of in silico studies and expression experiments
together revealed that despite AAF/II-B expression, StxB
failed to form pentamer. Therefore the observed protein com-
plex has lower molecular mass. Since StxB is bound to AAF/
II through disulfide bond, this bond prevents pentamer forma-
tion of StxB. However, due to the lack of disulfide bond
between AAF/I and StxB, no protein complex is formed, thus
StxB maintains its pentamer structure.
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Introduction

Diarrheagenic Escherichia coli (E.coli) is the most common
cause of diarrhea in children and adults [1]. Enterotoxigenic
(ETEC), enteropathogenic (EPEC), enteroinvasive (EIEC),
enterohemorrhagic (EHEC), diffusely adherent (DAEC) and
enteroaggregative (EAEC) are the six clinically and patho-
genically distinct pathotypes of diarrheagenic E.coli which
have been recognized so far [2]. Endemic, epidemic and
travelers’ diarrhea are commonly due to EAEC pathotype [3].

EAEC is distinguished from other E.coli pathotypes by
its ability to adhere to intestinal mucosa via formation of a
biofilm on enterocytes. Aggregation happens through the
formation of this biofilm which consists of many layers of
bacteria covered with aggregative adherence fimbriae
(AAFs) with a stacked-brick pattern. AAFs are extracellular
matrix proteins related to Dr family of adhesins, which are
encoded by a group of plasmids called pAA [1, 3]. AAF/I,
AAF/1, AAF/IIl and Hda are four allelic variants of AAFs
presented by different EAEC strains [4, 5].

The pAA plasmid carries a gene cluster which encodes a
number of proteins associated with aggregative adherence
phenotype. Only one gene is the structural gene of fimbriae
(aggA for AAF/1 and aafA4 for AAF/Il) and others encode
non-fimbrial adherence factors [6]. AAFs are the main fac-
tor used to colonize the bacteria on the mucosa, therefore
they are appropriate candidates for vaccine studies [7].

Shiga toxin, also known as Stx, is the main virulence
factor of EHEC pathotype. Stx is a member of ABS toxin
family. Toxins of this family contain a monomer catalytic
domain called A subunit and a homo pentamer of a binding
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fragment which is known as B subunit. Shiga toxin A
subunit (StxA) performs RNA N-glycosidase activity on a
specific site of eukaryotic ribosomes which disrupt the
translation process [3, 8]. This 32 kilodalton (kDa) protein
has a C-terminal «-helix tail (approximately 11A°) which
locates above the surface [9]. Shiga toxin B subunit (StxB)
plays a role in recognition and binding to surface receptors
of target cells. Each 7.7 kDa B monomer is covalently
linked with two other B molecules in order to form a central
pore through which the projecting C-terminal tail of the
StxA penetrates [8, 10] (Fig. 1). In E. coli, two tandem
genes (stxA&stxB) encode Shiga toxin. These genes are
separated only with a ribosomal binding site (RBS) consist-
ing of nine base pairs [11]. Each gene is translated, folded
and transported individually into the periplasm where the
holotoxin is assembled [8]. Our previous studies demon-
strated that vaccination of Balb/c mice with AAF/I and
AAF/II could not induce immune response in the absence
of any adjuvant [7]. Recently, the B subunit of E.coli

Fig. 1 Shiga toxin structure; (a) Tertiary structure of holotoxin; the
protein in dark blue is the A subunit which enters to the pore of B
subunit pentamer (in light blue) with non-polar x-helix C-terminal tail.
(b) Pentamer structure of B subunit; each B monomer consists of two
pairs of three stranded antiparallel (3-sheets and one «-helix that lies
above the surface. The «-helixes of 5 B molecules assemble together
and form a doughnut-shaped structure with a central non-polar pore [8,
9]. Pdb file (PDB ID: 1R4Q) illustrated by 3D-Mol application of
Vector NTI software
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Shiga toxin has been reported to be able to activate
dendritic cells (DCs) and thus possess adjuvant activity
[12]. It also has cytokine release activity and stimulates
the induction of humoral immunoglobulinG (IgG) re-
sponse [13, 14].

In the present communication, with the help of in silico
studies we genetically fused the B subunit of Shiga toxin to
C-terminus of AAF coding sequences mimicking the Shiga
toxin structure. Hence, the conformation and expression of
the constructs are discussed here.

Materials and methods
In silico analysis of proteins structures

Sequences of stxA-stxB, aaf4 and aggAd fragments were
obtained from NCBI database [15] with the following ac-
cession numbers respectively: (GenBank ID: AB015056),
(GenBank ID: AF012835) and (GenBank ID: ECU12894).
Tertiary structure of the Shiga toxin was obtained from the
PDB database [16] of experimentally-determined structures
of proteins (PDB ID: 1R4Q). ROBETTA [17] and QUARK
[18] energy based protein structure prediction servers con-
structed the structures of AAF/I, AAF/II, B-AAF/I, B-AAF/
II, AAF/I-B and AAF/II-B proteins. 3D Molecule Viewer
tool of Invitrogen and Jmol software were used for analysis
of the structures. TopMatch server [19] was used for align-
ment of protein structures. ProtScale tool [20] was used for
assessment of physical and chemical characteristics of ami-
no acids.

Amplification of aggA, aafA4 and stxB genes

Genomic DNA of E. coli strains 17-2, 042 and O157 was
extracted by High Pure PCR Template Preparation Kit
(Roche), and used as template for amplification of aggA,
aaf4 and stxB genes respectively. The following primers
were designed to amplify the genes such that overlap
regions between stxB and aggAd or aaf4 were added to 5’
end of the s&xB and 3’ end of aggA4 and aafA4:

aafA-stxB overlap primers binding site  stxB reverse primer
aafA forward primer binding site aafA binding site

Neol Hindill \ ILR BS stxB ‘Xbal
\ . JII ' /
If | o .
B o L

I
Fig. 2 aafA-stxB recombinant gene; The aaf4 gene is placed in the 5’
end of the recombinant gene. It ends with a TAA stop codon. RBS
sequence fills the gap between two genes. The stxB gene starts right
after RBS region. Ncol and Xbal restriction sites are placed at 5’ and 3’
ends of the recombinant gene respectively. Reverse primer of aaf4 and
forward primer of s#xB share mutual but complementary nucleotides
consisting of 3’ end of aaf4, RBS and 5’ end of s&xB. Construction
made by Vector NTI software
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Fig. 3 Structural modeling of StxB, StxA, AAF/I and AAF/II proteins;
(a) Tertiary structure of StxB monomer was obtained with homology
modeling based on structure of StxB from Shigella dysenteriae. StxB
monomer has one disulfide bond between Cys 24 and Cys 77 and one
a-helix (shown in black) that lies above the surface of the molecule.
(b) Tertiary structure of StxA was obtained with homology modeling
based on the structure of StxA from Shigella dysenteriae. The C-
terminal tail (shown in black) is responsible for binding to StxB
pentamer. (¢) Tertiary structure of AAF/I was obtained by ab initio
modeling. It has three cysteine residues on positions 13, 49 and 81.

Forward primer of aggAd: 5 CATGCCATGGCAAGGT
GAAAATACATGAAA 3'; Reverse primer of aggA: 5’
TTTCATTTTACCCCCTTAAAAATTAATTCC 3';
Forward primer of aaf4: 5" CATGCCATGGCAATGAAA
AAAATCAGAATG3'; Reverse primer of aafA4: 5'
TTTCATTTTACCCCCTTAATTTGTCACAAG 3';
Forward primer of s&xB for fusion with aggd:5’ GGA

Fig. 4 Structural alignment of a)
AAF/I and AAF/II with StxA;
(a) AAF/I tertiary structure (in
light blue) is aligned with StxA
structure (in dark blue). (b)
Alignment of predicted
structures of AAF/II (in yellow)
and StxA (in dark blue). Figure
was captured from alignment
results in TopMatch server [19]
and prepared in Jmol tool

N-lerminus

Cysteine 49 forms a shared disulfide bond with cysteine 81 due to their
proximity. Cysteine 13 has a free sulfur that is oriented toward interior
region of the protein. This position prevents its binding to cysteine
residues of other molecules. (d) Tertiary structure of AAF/II was
obtained with ab initio modeling. It has a C-terminal tail (shown in
black) and two cysteine residues on positions 38 and 70 which all are
placed on the surface. Cysteine residues are ready for forming a
disulfide bond with other molecules. Structures are illustrated with
3D-Mol application of Vector NTI software

ATTAATTTTTAAGGGGGTAAAATGAAA 3'; Forward
primer of stxB for fusion with aaf4: ; 5" CTTGTGA
CAAATTAAGGGGGTAAAATGAAA 3'; Reverse primer
of stxB: 5" GCTCTAGACAACGAAAAATAAC
TTCGCTG 3'.

The Ncol and Xbal restriction sites were included in
forward and reverse primers respectively. The PCR
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condition for amplification of the aggA, aaf4 and stxB con-
sisted of a primary denaturation cycle of 94 °C for 5 minute
(min), and 5 cycles of 94 °C for 1 min, 40 °C for 1 min and
72 °C for 1 min followed by 30 cycles of 94 °C for 1 min, 45 °
C for 1 min and 72 °C for 1 min and a final extension time of
10 minute at 72 °C. The reaction mixture included 1 microliter
(pl) Taqg DNA polymerase (5 unit(U)/ul), 5 pul of 10X PCR
Buffer, 1 ul MgCl,, 5 pl Template DNA, 1 ul of each primer
and 1 pl deoxynucleoside triphosphates (ANTPs) in a total
volume of 50 pl. Finally, the PCR products were gel purified
using gel extraction kit (CoreOne).

Production of aggd-stxB and aaf4-stxB recombinant
constructs

The eluted fragments were used as template for overlap PCR
using forward primer of aggd or aaf4 and stxB reverse
primer. The PCR condition included a primary denaturation
time of 5 min at 94 °C followed by 10 cycles of 1 min at
94 °C, 1 min at 50 °C and 1 min at 72 °C, then 25 cycles of
1 min at 94 °C, 1 min at 50 °C, and 1 min at 72 °C and a
final extension time of 10 min at 72 °C. The amplified
fragments, AAF/I-B (822 bp) and AAF/II-B (781 bp), were
gel purified, digested with Ncol and Xbal restriction endo-
nucleases and cloned into the same digested ends of
pBADgIII/A (Invitrogen) plasmid. To verify the cloning, the
recombinant plasmids were subjected to DNA sequencing.
The results showed 99 and 98 % similarity to the aggA-stxB
and aafd-stxB sequences constructed on the basis of the
sequences obtained from GenBank database (Fig. 2).

Expression of the AAF/I-B and AAF/II-B protein
complexes

Topl0 E. coli cells were transformed with the recombinant
plasmids. For induction of the expression, the recombinant
bacteria were cultivated in Luria Broth (LB) medium in the
presence of 0.00002, 0.0002, 0.002, 0.02 and 0.2 % of L-
arabinose for 4 hours. To evaluate the expression of the proteins
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), non-reducing loading buffer (free from any

Table 1 Alignment parameters measured during protein structure
alignment with TopMatch server [19, 23, 24]

Alignment N c(gq,t) ® c(t,q) ¢ Seq-Id ¢
AAF/l & StxA 38 22 13 0
AAF/I & StxA 154 96 53 18

2 Number of residue pairs that are structurally equivalent - ° Relative
cover of the query (AAF/I or AAF/II) with respect to the target (StxA)
expressed in percent — ¢ Relative cover of target with respect to the
query expressed in percent — ¢ Percentage of sequence identity of
query and target in the equivalent regions
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Table 2 Estimated biochemical parameters of proteins with ProtScale
tool [20]

Protein pI®  Negative/ Half-life 1I° Aliphatic GRAVY®
positive ° in E. coli index?

StxA 9.63  25/31 >10 hours 33.10 94.03 0.083

AAF/1 10.02 9/21 >10 hours 12.87 89.53 —0.180

AAF/I 9.75  8/14 >10 hours 21.28 93.37 0.081

*Isoelectric point — ® Number of negatively charged residues relative
to positively charged amino acids - © Instability index - ¢ Aliphatic
index (relative volume of a protein occupied by aliphatic side chains) -
¢ Grand average of hydropathicity

reducing agents such as Beta-mercaptoethanol (2ME) or dithio-
threitol (DTT)) was used. For western blot analysis, proteins
were electrotransferred to polyvinylidene fluoride (PVDF) ny-
lon membrane (Roche). Detection of each recombinant protein
was performed by using anti-B, anti-AAF (anti-AAF/I or anti-
AAF/II) or horseradish peroxidase (HRP) conjugated anti-His
antibodies. Other sets of SDS-PAGE were performed with
samples prepared in reducing loading buffer for analyzing of
expression of the AAF/II-B recombinant protein.

Tertiary structures of proteins

Protein structures were predicted by computer algorithms
via two major models: comparative modeling which uses
previously experimentally solved structures of homologous
proteins [21] and de novo (ab initio) methods which predict
structures that result in minimum global free energy for a
protein amino acid sequence [22].

a) b) -
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Fig. 5 Western blot analysis of AAF/I-B expression; (a) Detection of
AAF/I-B protein complex with anti-AAF/I antibody. Lanes 1,2 and 3
respectively demonstrate protein molecular weight marker (MW), Top10
lysate containing pBAD vector lacking constructed recombinant gene
(negative control), and Top10 lysate containing AAF/I-B expressed pro-
tein. (b) Detection of AAF/I-B protein complex with anti-B antibody.
Negative control is shown by lane 2 and AAF/I-B expressed protein is
shown by lane 3. (Elongation of incubation time lengths for improving
attachment of anti-B antibody with B pentamer resulted in appearance of
non-specific bands between 14 and 18 kDa in both lanes)
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Fig. 6 Western blot analysis of AAF/II-B expression; (a) Expressed
AAF/II-B protein complex in total lysate of the induced Topl0 was
detected with anti-AAF/Il antibody (lane3). Lane 2 shows negative

The structures of the StxA and StxB were determined by
the comparative modeling due to homology with StxA and
StxB fragments from Shigella dysenteriae. These two toxins
which originated from two different bacteria (i.e., E. coli
and S. dysenteriae) have identical amino acid sequences and
similar sizes with the homology level of 100 %.In contrast
to commonly used proteins, limited reservoir of resolved
protein structures are available in database for predicting the
structure of most unknown or recombinant proteins.
Therefore AAF/I and AAF/II tertiary structures were deter-
mined by ab initio modeling (Fig. 3).

Results
In silico analysis

AAF/I and AAF/II structures were separately aligned with
StxA structure to find similarities (Fig. 4 a and b respectively).
Table 1 shows the measured parameters which evaluate the
similarity of structures of the two proteins with StxA. Figure 4

a)

Fig. 7 SDS-PAGE analysis of AAF/II-B expression; (a) SDS-PAGE
analysis of samples prepared in the presence of 2ME. Lane 1 is the
molecular weight marker. Lanes 2 and 3 indicate negative control and

lane 4 demonstrates expressed recombinant protein which shows a

c) —
e
-
35 Kd mip
-
2 3 o 2 3

control. (b) Anti-B antibody revealed the protein complex at lane 3, and
lane 2 indicates negative control. (¢) Anti-His-HRP antibody detected the
tag attached to StxB in lane 3. Lane 2 shows the negative control

schematically demonstrates the covered regions of AAF/I and
AAF/II structures with StxA.

Biochemical properties of amino acid sequences of AAF/
I, AAF/II and StxA were measured and listed in Table 2.
Isoelectric pH and aliphatic index corresponding to the
thermostability of the proteins showed that no special
treatment is required for expressing AAF/I and AAF/II
instead of StxA. Negative amount of GRAVY for AAF/I
demonstrated its hydrophilic attribute, and positive
numbers in case of StxA and AAF/II showed their
hydrophobic properties [25, 26].

Expression and detection of AAF/I-B protein complex

2ME reduces disulfide bonds and since each StxB monomer
bears an internal disulfide bond which enhances the stability
of its tertiary structure, therefore the bacterial lysate was
prepared in the absence of 2ME. SDS-PAGE analysis of the
protein complex revealed a band of about 35 kDa (data not
shown). Surprisingly, western blot analysis using two dif-
ferent antibodies, anti-AAF/I(Fig. 5a) and anti-B (Fig. 5b),

35 Kd

significant band of approximately 20 kDa, indicting the AAF/II alone.
(b) SDS-PAGE analysis of samples prepared in the absence of 2ME.
Lanes 2 and 3 indicate negative control and lane 4 shows a significant
band of 35 kDa corresponding to the AAF/II-B protein complex
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Fig. 8 Analysis of StxB a)
structure attached to AAF/I or
AAF/II (Cysteine residues of
StxB are shown with side
chains and residues of the StxB
structure are highlighted with
black lines in each picture); (a)
In the structure of B-AAF/I
(StxB placed at N-terminus), -
helix locates in the interior
zone. (b) In B-AAF/II (StxB
placed at N-terminus), x-helix
is located in the surface but
AAF/Il molecule creates barrier
and prevents one StxB from
binding to other StxB mono-
mers. (¢) & (d) respectively
demonstrate AAF/I-B and
AAF/ILB both with C-terminal ~ ©)
StxB. Secondary structure of
the StxB in the C-terminus of
each fusion protein is com-
pletely deformed. Pdb files of
structures are illustrated with
3D-Mol application of Vector
NTI software

revealed two separate bands, one with a molecular weight of
14 kDa corresponding to the AAF/I protein and a band of 35
kDa corresponding to the pentamer form of the StxB. It
seems that AAF/I failed to form a complexwith B subunit
and each protein is expressed separately.

Expression and detection of AAF/II-B protein complex

In contrast to AAF/I-B, the AAF/II-B expression and its
consequent detection by western blotting using three different
specific antibodies, anti-AAF/II (Fig. 6a), anti-B (Fig. 6b) and
anti-His-HRP (Fig. 6c), revealed a single band of 35 kDa,
indicating the formation of AAF/II-B protein complex.

Therefore it seemed that although AAF/II and StxB could
form a protein complex, but its molecular weight is lower
than the expected size which is approximately 50 kDa
(17 kDa AAF/II+35 kDa StxB pentamer). Afterward, the
SDS-PAGE analysis for AAF/II-B was repeated in the pres-
ence of the reducing agent 2ME. In this case a band of about
20 kDa (Fig. 7a) corresponding to the AAF/II alone was
observed (Fig. 7).
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Discussion

Recently, the B subunit of Shiga toxin has been
reported to have cytokine release activity and has been
injected with or fused to a partner protein [14]. It has
been shown that Stx2B-Stx1B fusion protein stimulates
the induction of humoral IgG response in mice [13].
Another experiment demonstrated that co-administration

Fig. 9 Possible states of disulfide bond(s) between AAF/II and StxB; P>

(a) the schematic indicators of AAF/II, StxB and cysteine residues are
defined. (b) Two disulfide bonds between one AAF/II and one StxB
would make a complex protein with the size of 25.3 kDa. (¢) Two
disulfide bonds between one AAF/II and two StxB attached via a
shared disulfide bond make a 33 kDa protein complex. (d) Three StxB
molecules could bind to one AAF/II and create a protein complex with
the size of 40.7 kDa. (e) A protein complex consisting of two AAF/II
proteins and one StxB would have the size of 42.9 kDa. (f) A protein
complex consisting of three (or more) AAF/II proteins and one StxB
would form a 60.5 kDa (or larger) protein. (g) Two AAF/II and two
StxB molecules create a 50.6 kDa protein. (h) Larger protein com-
plexes consisting of three (or more) AAF/II and StxB molecules are
less stable and less possible to be formed. Figure is created with
Fireworks software
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of StxB during immunization of mice with ovalbumin in-
creased production of the antigen (Ag) specific IgG [12].

In our previous study, [27] fusion proteins containing
AAF/I or AAF/II at their C-terminus and StxB at their N-
terminus were constructed. However in the current study a
novel strategy is used to fuse AAF/I and AAF/II to StxB.
Positioning of the aafA4 or aggA genes (including their stop
codon) at the 5" end of the recombinant constructs followed
by RBS preceding the s&xB coding sequence resembles the
native structure of the Shiga toxin genes. Hence, in the
present study, designing of these protein complexes by in
silico studies, and their expression and possibility of pen-
tamer formation of B subunits as a complex partner were
analyzed.

To study the possibility of pentamer formation we fo-
cused on two cysteine residues (Cys24 and Cys77) of StxB
and disulfide bond formation. Each StxB monomer has two
hydrogen bonds, three salt bridges and a disulfide bond
between residues 24 and 77. These internal amino acid
interactions form the secondary structure of the monomer
which consists of two three-stranded antiparallel (3-sheets
and one o-helix (Fig. 3a). The «-helix is located on the
surface of molecule and interacts with other o«-helixes of
StxB monomers which leads to the formation of pentamer
structure [28].

When StxB is fused at the N-terminus or C-terminus of
the AFF/I or AAF/II proteins without RBS in between, the
structure of the StxB is shaped in a way that formation of
disulfide bond is prevented. The «-helix which should be
placed on the surface is located in the internal areas of the
molecule or has spacial prevention from binding to other B
monomers (Fig. 8).

Accordingly, we hypothesized that if we design the re-
combinant construct in a way that StxB could be translated
separately as it occurs in the Shiga toxin, StxB monomers
would fold naturally and form pentamer.

Due to this idea, AAF/I and AAF/II proteins were com-
pared to StxA. Structural similarity of AAF/I or AAF/II with
StxA is represented by Table 1. The similarity parameter S
demonstrates that 154 residues of the AAF/II and StxA have
equivalent structures. In contrast, the number of structural
equivalent amino acids of AAF/I and StxA is only 38.
Numbers of relative cover of each AAF/I or AAF/II with
StxA, ¢ (q, t), shows that more contents in StxA are covered
with similar structures in AAF/II rather than AAF/I.

As represented by Table 2, also the AAF/II, rather than
AAF/1, significantly resembles StxA in biochemical charac-
teristics and expression conditions. The difference between
amount of GRAVY of AAF/I and StxA, in addition to the
close similarity of aliphatic indexes of AAF/II and StxA are
keys to the above consequence.

Since a very special feature of AAF/II is that its C-
terminal tail lies above the surface (Figs. 3d, 4b) which is
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very similar to C-terminal o-helix of the StxA (Figs. 3b,
4b), it could potentially penetrate to the central pore of B
subunit pentamer as happens in the case of StxA. Hence, in
contrast to the AAF/I-B, the AAF/II-B protein complex
formation was observed in western blot analysis (Figs. 5-6).

Moreover, although AAF/II and Stx B could form a
complex, a protein size of around 35 kDa which is lower
than the expected size was obtained. Furthermore, SDS-
PAGE analysis using reducing loading buffer containing
2ME showed that AAF/II and StxB are connected via di-
sulfide bond instead of non-covalent bonds which attach
StxA to StxB pentamer (Fig. 7). Therefore, although AAF/
II and StxB complex formation occurred, StxB failed to
form a pentamer, therefore, the protein band of around
35 kDa might be due to this configuration.

Considering this data, we analyzed the cysteine residues
of StxB, AAF/I and AAF/II. Natural tertiary structure of
StxB contains one disulfide bond between Cys24 located in
third (3-sheet and Cys77 located in sixth (3-sheet (Fig. 3a).
The role of disulfide bond is to stabilize the tertiary structure
of StxB which prepares the platform (projecting «-helix) for
pentamer formation. AAF/II has two cysteine residues at
positions 38 and 70 which are laid on the surface and not
involved in a mutual disulfide bond (Fig. 3d). Thus AAF/II
has high affinity for binding to other proteins through s-s
bond in the oxidized environment of periplasm.

The results of SDS-PAGE analysis for protein samples
prepared in the presence of 2ME indicated that disulfide
bonds are formed between AAF/II and B subunit. Therefore
we assumed that due to this disulfide bond formation, the
internal disulfide bond of StxB which is necessary for pen-
tamer formation is not formed, and it is why a band with
smaller size is obtained.

The two pairs of cysteine residues present in StxB and
AAF/II are capable of creating a variety of disulfide bonds.
The most probable forms are shown in Fig. 9. Formation of
each variety produces a unique size of the protein complex
which is calculated with the following formula:

(n)7.7kDa + (m)17.6kDa = Protein complex size,

where n and m refer to the number(s) of StxB and AAF/II,
respectively. 7.7 kDa is the size of StxB monomer and
17.6 kDa demonstrates the molecular weight of AAF/II.

In western blot and SDS-PAGE analysis of AAF/II-B
protein complex the size of the obtained protein is approx-
imately 35 kDa. Therefore, according to our proposed mod-
el (Fig. 9) the obtained protein complex consists of two
StxB monomers attached to one AAF/II protein through
disulfide bond.

Therefore the question arises why this is not the situation
with AAF/I-B. The answer for this could be the situation of
three cysteine residues in AAF/I (Fig. 3¢), where a disulfide
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bond between Cys 49 and Cys 81 is formed and its Cys13 is
located in the interior region which is not accessible for
disulfide bond formation with another protein. This situation
makes AAF/I reluctant to form a disulfide bond with another
protein, which provides the opportunity for StxB to form the
pentamer structure shown in Fig. 5b. Corroboratively,
Baibakov and colleges also expressed StxB pentamer with
approximately the same condition and size [29].

Conclusions

In summary, for any protein complex to include pentamer B-
subunit as its partner, two important points must be consid-
ered. First, in order to be able to attach to the StxB pentamer,
the structure of the complex partner should be similar to
StxA. Second, the condition should be so that the pentamer
formation of B-subunit takes place without any hindrance.
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