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Abstract

The immune system is a network of thousands of molecules, cells and regulatory factors that produce many
interrelated responses. In this study, we used spot synthesis to map tobacco mosaic virus (TMV) epitopes in a
mice animal model (Balb/c) and compared the results with those obtained using immunoinformatic prediction
tools. Mice were inoculated with TMV and after immunization the sera were incubated with an array of overlapping
pentadecapeptides that corresponded to the full sequence of the TMV capside protein (TMVcp) that had been
synthesized on a cellulose membrane for spot synthesis analysis. Six linear epitopes were identified experimentally,
as shown by the IgG-elicited immune responses in mice. The data for epitope prediction based on epitope databases
agreed with the results obtained by spot synthesis results. Comparison of the findings for spot intensities and those
obtained with the prediction software allowed the identification of different responses according to the MHC class |
alleles. The results of this work provide a detailed antigenic profile for TMV.
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Introduction

Tobacco mosaic virus (TMV) is an extensively studied virus model
in numerous biological systems and, consequently, has become one
of the best known viruses, alongside human immunodeficiency virus
(HIV). The widespread use of TMV reflects the ease with which this
virus can be manipulated, produced and purified. Studies of TMV have
provided important insights into immunology and virology [1-3]. The
TMYV virion consists of a rod-shaped structure with 2130 identical
protein subunits surrounding the genetic material (a single positive
RNA strand). The capsid protein (TMVcp) subunit, which consists
of 159 amino acids, is arranged as a right-handed antiparallel helical
bundle composed of four a-helices, the left and right slewed (LS and
RS) and left and right radial (LR and RR). A short inner loop connects
the LS and RS helices while a longer one connects the LR and RR helices.
The RNA binding site is formed by residues from the loops and the LR
helix, and the N and C termini are located on the outer surface of the
virion. The ability of TMVc¢p to aggregate is important for virus stability
and assembly and is directly related to viral physiology [4,5]. The study
of physical chemical properties of TMV is important to understand
its physiology. We investigated the dissociation process by using of
high pressure at low temperature (< 0°C) [6], alkaline conditions [7]
and presence of urea [8]. A combination of high pressure and such
conditions revealed a potential tool for study of viral stability.

Several studies aimed at improving our understanding of structural
factors and antigenicity have identified different antibody binding sites
during the immune responses elicited by virus inoculation [4,9,10].
The immune system is a network of thousands of molecules, cells
and regulatory factors that mediate many interrelated responses.
Studies over the past few years have reported individual variation in
the immune response as well as temporal changes within the host
[11]. Advanced computational methods provide a valuable tool for
analyzing complex experimental data. With such methods it is possible
to identify specific patterns in the immune response based solely on
protein sequences and to correlate these findings with experimental
data; molecular predictions based on such analyses are widely used in

the literature [12,13]. In the present study, we used spot analysis to map
the TMV epitopes and compared our findings with data from other
studies in the literature. We also used immunoinformatics tools to map
the potential B- and T-cell epitopes and compared these data with the
results of epitope mapping.

Material and Methods
TMYV purification and RNA sequencing

TMV was isolated from Turkish plants infected with the common
strain of the virus. The purification method was described previously
[14].

RNA from the reference virus strain was extracted with TRIzol®
(Invitrogen), quantified by spectrophotometry and stored at -80 C
until used. For reverse transcription, RNA (50 ug) was converted to
c¢DNA using Superscript III reverse transcriptase, according to the
manufacturer’s instructions. The reactions were done using diethyl-
pyrocarbonate (DEPC) water in sterile conditions. The polymerase
chain reactions (PCR) were done by adding 10% of the RT reaction to
a final volume of 50 pL. 10 % of the reverse transcriptase reaction was
used as imput for the PCR reaction. The PCR mixture consisted of 5 pL
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of each primer (5 pmol), 5 pL of 10x buffer, 1 puL of dNTPs (0.2 mM),
2 uL of DTT, 0.5 pL of Tag DNA polymerase and DEPC water to a
final volume of 50 pL. The PCR products were visualized in 2% agarose
gels stained with ethidium bromide and then analyzed in a MEGABace
1000 sequencer following the manufacturer instructions. Flanking
primers for the complete sequence of the TMVcp were used. The
electropherogram of the sequences were aligned using the DNAStar
software package (SeqMan) and the consensus sequence was exported
to BLAST and to Protean (DNAstar).The amino acid sequence was
deduced from the full nucleotide sequence using DNAstar software.
Local alignment and basic protein structure properties were calculated
using the CLC Main Workbench 5.5 (protein toolbox) and Lasergene
DNAstar® software (EditSeq and SeqMan) packages.

Preparation of peptide arrays and epitope identification

Peptides based on the amino acid sequence determined above were
synthesized by using Fmoc (9-flurorenylmethoxycarbonyl) chemistry
[15,16] on PEG-derivatized cellulose membranes with an additional
Ala anchor for the C-terminal immobilized peptides. The membranes
contained overlapping pentadecapeptides spanning the complete
sequence of TMVcp (residues 1-159), with an offset of three amino
acid residues.

Serum preparation and antibody-binding assay and
quantification

Balb/c female mice (n=5) obtained from the Multidisciplinary
Center for Biological Investigation (CEMIB/UNICAMP) were
inoculated with native TMV and complete Freund adjuvant in the first
inoculation and incomplete adjuvant in subsequent inoculations. The
inoculations were done on the Ist, 15th, 28th and 35th day using 15,
10, 10 and 15 pg of TMV, respectively. Blood was collected 14 days
after the last inoculation, pooled and allowed to clot, after which the
serum was obtained by centrifugation, inactivated by incubating for 1 h
at 56 'C and stored at 4 ‘C. Control serum was obtained from five mice
inoculated with porcine parvovirus using the same scheme as for TMV.
The protocols involving animals were approved by the institutional
Committee for Ethics in Animal Use (CEUA/UNICAMP, protocol no.
1717-2).

Theantibody-binding assay used was described by Beutling and cols.
[16]. A serum dilution of 1/100 was used in the membrane antibody-
binding assays. An alkaline phosphatase-conjugated goat anti-mouse
IgG (AP-IgG) (Jackson Immuno Research, CAT no. 115-055-071)
was used as secondary antibody to detect bound antibodies. The color
reaction was developed as described elsewhere [17], with an incubation
time of up to 60 min. The membrane was subsequently scanned at 2400
d.p.i. with a table scanner and the software package Totallab Quant -
Array Analysis was used to measure the intensity of each spot against
the background intensity. The results were expressed as the mean for
each spot. The membranes were regenerated as described by Beutling
and cols. [16].

An epitope-based immunoinformatics study of TMVcp

The deduced protein sequence used was aligned with the protein
sequence of TMV capsid protein retrieved from the National Centre for
Biotechnology Institute (NCBI) database (BLAST reference accession
no. ACY41215.1). Epitope flexibility was predicted with the Karplus
and Schulz flexibility scale [18] and antigenicity was predicted with the
Kolaskar and Tongaonkar antigenicity scale [19]. Hydrophobicity and
hydrophilicity were analyzed with the Parker hydrophilicity scale. The
Kyte-Doolittle hydropathicity index [20] available from the Expasy
Prot scale server was used to assess the distribution of polar and

apolar residues along the protein sequence. The Kyte-Doolittle [20]
scale (window size of 7 and cutoff of 1.6) is widely used to examine
the hydrophobic character of proteins and is useful in predicting
membrane-spanning domains, potential antigenic sites and regions
that are likely to be exposed on the protein surface. This approach was
complemented with the Hopp method for a window size of 7-mers
[20,21]. Ubiquitination sites were predicted as described elsewhere
[22]. Proteasomal cleavage sites were predicted based on proteasomal
degradation experiments with B-casein [23], enolase [24] and prion
proteins [25]. The prediction of TAP affinity was based on a support
vector machine (SVM) [22]. The SVMHC (support vector MHC)
method was used to predict MHC binding [26]. This is an SVM-based
method based on verified MHC binding peptides from the SYFPEITHI
database [27]. These methods have been validated elsewhere [28]. Data
available from the Expasy Prot scale server were used to counter-verify
the in silico data [29].

Combining the prediction methods

The class II MHC algorithm and the linear and conformational B
cell epitope prediction algorithms were used to simulate the processing
pathways for which there are in silicio prediction algorithms,
particularly with regard to the virus and host used here.

The separate prediction methods were combined in order to model
the entire processing pathway of MHC class I antigens. Predicted
peptides should have a C terminus generated by the proteasome, a
relatively high TAP affinity and some affinity for MHC molecules.
The high accuracy of the final step of MHC binding prediction means
that other methods can be used as filters to remove candidate peptides
unlikely to be generated by proteasomal cleavage and/or transported by
TAP. Peptides nine amino acids long (9-mer peptides) were extracted
from the SYFPEITHI database [30]. We focused on 9-mer peptides
because MHC class I binds these peptides more frequently than 8-,
10- or 11-mer peptides. The alleles Kd, Dd and Ld influence epitope
display in Balb/C mice and were used to map the potential epitopes of
TMV. The tentative epitopes were predicted with the PCM, SVMTAP
and SVMHC methods [12,13,31-33]. In the first step of analysis, the
protein sequences were screened individually for the best binding
epitopes by using the Immune Epitope Database (IEDB) algorithm.
The cutoff scores were adjusted by the algorithm itself.

Results

The PCR-amplified TMVcp sequence determined by sequencing
is shown below. A BLASTn search revealed that the sequence shared
100% homology with a sequence retrieved from the National Center for
Biotechnology Institute (NCBI) database (accession no. ACY41215.1).
The corresponding amino acid sequence (determined with CLC
Workbench software) is subsequently showed (Structure 1).

The TMYV strain corresponded to the same as previously described
(variant 1) [34], and deposited in the GenBank under the accession
number V01408.1. Mice sera were titrated by ELISA, and the results
for serial dilution testing are in Table 1.

Serum dilution Optical density
0 0.000
2 1.906
1 1.592
0.5 1.119
0.25 1.034
0.125 0.476
0.0625 0.330
0.03125 0.148

Table 1: ELISA quantification of sera from mice immunized against TMV coat protein.
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Figure 1: Peptide reactivity of serum from mice immunized with porcine parvovirus. (A) Negative control compared with serum from mice immunized with native TMV,
(B) Peptides were generated from the TMVcp sequence by spot synthesis on cellulose membranes. After incubation with sera the membranes were scanned and
digitalized for spot quantification, (C) Scheme of peptide localizations on the membrane. The corresponding pentadecaptides are shown in Figure 2.

To investigate the regions of TMVcp that were recognized by serum
of immunized Balb/c mice, 49 overlapping decapentapeptides based
on the deduced amino acid sequence of the protein were synthesized
as an array on a cellulose membrane. Figure 1 shows the results for
serum from mice inoculated with porcine parvovirus (A; negative
control) and serum from TMV-immunized mice (B) when incubated
with membrane-bound peptides. Significant antibody binding was
observed with the latter serum compared to the control, which
showed no detectable binding. Figure 2 shows the decapentapeptides
sequences and the signal intensity of the positive samples (columns)
after correction for the control. The underlined amino acids shown
on the right side of Figure 2 correspond to previous reports of epitope
mapping [3,9,35].

We found five strongly reactive regions: A10-A16 (residues 28-60),
A20-A23 (residues 58-81), B4-B7 (residues 85-108), B16-B17 (residues
121-138) and B20-B24 (residues 133-159), and two weaker or less
reactive regions: A4-A7 (residues 10-33) and A25-Bl (residues 73-
90). The strong binding regions corresponded to a-helices that mainly
projected away from the RNA binding site.

Initial protein analysis with CLC Workbench 5.5° and Lasergene
DNAStar® showed that the TMVcp had a calculated molecular mass
of 17,636 Da, an isoelectric point of 5.67 and an aliphatic index of 85.8
with 75 hydrophobic residues (A,F,G,I,L,M,P,V,W; frequency of 0.472)
and 57 hydrophilic residues (C,N,Q,S,T,Y; frequency of 0.358). Figure
3 shows the antigenicity and hydrophobicity profiles predicted with the
Hopp-Woods and Kyte-Doolittle algorithm, respectively.

Antigenicity and hydrophobicity predictions for the TMVcp
identified a region between amino acid positions 28 and 60 that scored
well for both parameters (Figure 3). Analysis of Figure 3 shows that
the two plots were very symmetrical and appeared as a near mirror
image of each other (in the Hoop-Woods plot apolar regions have
negative values while in the Kyte-Doolitle [20] plot these regions have
positive values). The Kolaskar and Tongaonkar “antigenicity plot” [19]
also predicted antigenic regions at positions 16-39, 42-48, 68-77, 79-
88 and 104-125 (not shown). Together, these findings identified four
major peaks of antigenicity that corresponded to the regions where the
epitopes were mapped. The peaks in these regions were polar in nature
and were also accessible in the Kyte-Doolittle [20] plot. In contrast, the
regions containing residues 30-70, 90-120 and 135-145 had negative
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Figure 2: Epitope mapping results based on figure 1, expressed as spot intensity in A. U. (arbitrary units). The length of the columns reflects the extent of immunoreactivity
(spot intensity, as quantified with Totallab Quant Software and corrected for the control). The corresponding pentadecapeptides are listed on the left and right. The
underlined amino acids on the right indicate epitopes identified in previous reports [3,44,45].

values, i.e., they were hydrophilic.
Prediction of solvent-accessible areas

The exposed fragments were studied by using surface accessible
area software to assess which regions were available for further
interactions such as antibody binding or capsid assembly. This
software takes into account polarity, hydrophobicity and atomic radius
to calculate which residues are located on the surface or buried within
the protein. The results, depicted as scores given by the algorithm, are
shown in Figure 4. The regions identified in this analysis are normally
exposed on the surface of TMV and mediate the multiple interactions
involved in capsid assembly in infected cells; they are also considered
to be protective epitopes.

Based on the biochemical properties of each amino acid residue
it is possible to predict the accessible area of a given protein and to
determine which residues are exposed or buried within the structure
of the protein. Other parameters taken into account by the algorithm
include the solvent accessible surface area and atomic solvation.

Residues with values >60 (threshold) are considered to be located
externally (on the outer surface) while those with values <60 are located
internally (within the molecule). The residues identified on the surface
of TMV were 3-15, 21-37, 57-60, 64-67, 99-105, 108-112, 126-135 and
142-154.

The susceptibility of TMVcp to proteasomal cleavage was assessed
usingtheIEDBalgorithm defined by Nielsen etal. [36] and the Prediction
Algorithm for Proteasomal Cleavage, which uses two different
prediction algorithms for proteasomal and immunoproteasomal
cleavages [37]. Several regions yielded high scores with these methods,
indicating presence of sites that were potentially available for cleavage.
Figure 5 [38] shows the proteasomal cleavage predictions for the IEDB
and PAProC algorithms (NN and SVM, respectively).

The TAP binding affinity was assessed with the IEDB [39] and TAP
Hunter [40] algorithms. As shown in Figure 6 [41], several regions
were found to be suitable for binding. The regions that had high values
but did not correlate with the predicted proteasomal cleavage sites and
with our experimental results were not considered. The IEDB method

Mol Biol
ISSN: 2168-9547 MBL, an open access journal

Volume 2 ¢ Issue 1+ 1000108



Citation: de Lima Neto DF, Arns CW, Stach-Machado DR, Spilki FR, Mattoso J, et al. (2013) Epitope Mapping of Tobacco Mosaic Virus Capsid
Protein: Prediction and Experimental Data from Spot Synthesis. Mol Biol 2:108. doi:10.4172/2168-9547.1000108

Page 5 of 10

1,0
05 —
00 —| A
05 —
1,0 —
T T I
50 100 150
2 —]
1
0o — B
4
T I T
0 50 100 150
Position

Figure 3: (A) Antigenicity plot generated with the Hopp-Woods algorithm. This
plot identifies polar and apolar regions within the TMVcp sequence (apolar
regions have negative values), (B) Hydrophobicity plot generated with the Kyte-
Doolitle algorithm. Regions with positive values are hydrophobic.

180

N
S
I
L

Accessible surface area score
Py
3

L L Ll
LY

50 100 150
Amino acid position
Figure 4: Solvent accessible surface area scores for TMVcp. Scores above the
threshold of 60 indicates residues exposed on the surface of the protein.
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Figure 5: Predicted proteasomal cleavage of TMVcp based on the IEDB (A)
and PAProC (B) algorithms. In (A), the X axis represents the TMVcp sequence
divided into decapeptides (segments of 10 peptides each) [35]. In (B), the X axis
shows the amino acid position in TMVcp. In this case, greater cleavage strength
indicates a higher probability of cleavage by the proteasome complex [34]. IEDB
= Proteasome Cleavage Prediction by Neural Network. PAProC = Proteasome
Cleavage Prediction (human wild type I).
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Figure 6: TAP-binding regions of TMVcp predicted using (A) Support Vector
Machine TAP (IEDB algorithm) and (B) TAP Hunter. In (A), scores >-40 indicate
possible binding sequences [35]. In (B), positive values indicate possible TAP
binding. The TAP Hunter algorithm identified several regions with low probability
scores [38].
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Figure 7: MHC class | predictions for TMVcp. A, B and C — MHC predictions
for Balb/c mice alleles H2-Dd, H2-Kd and H2-Ld, respectively. Higher scores

indicate sequence-specific affinity for the allele coded MHC.

revealed a similar landscape to that of quantification in the membrane
and identified two peaks that correlated with our experimental
findings. Amino acid residues 20-35, 47-58, 77-84 and 94-104 had the
highest scores and were possibly associated with the TAP transporter;
these regions were also identified in epitope mapping. The TAP Hunter
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prediction algorithm also identified four broad regions of the sequence
that were comparable to our experimental findings overlapped with
the results from the IEDB prediction. The regions identified by these
methods must also have high binding affinities for MHC class I
receptors in order to be efficiently exposed outside normal cells.

Figure 7 shows the results for the analysis of alleles Dd, Kd and
Ld using the IEDB database for MHC class I of Balb/c mice. These
results reflect the peptide affinity for the MHC complex based on the
database predictions. The affinity of a given peptide for the complex
was proportional to the corresponding score. All three predictions
identified a region spanning residues 3 to 16 as having high affinity. The
affinity of the region that included residues 60 to 90 varied among the
three predictions but was higher than for the fragment before it. The
scores for alleles Dd and Kd in this region were similar whereas that
for allele Ld was lower, with all three alleles showing different binding
affinities in this region. The highest score for the H2Dd prediction (82-
89) was -0.4 compared to -0.2 for the Kd region of residues 71-77 and
-0.03 for the Ld prediction the region of residues 79-86. Of the three
alleles only Ld was able to bind peptides in the region spanning residues
103-110. The terminal regions of TMVcp had similar binding regions
although there was a progressive decrease in the binding affinities of
alleles Dd, Kd and Ld. The greatest differences in the TMVcp peptide
affinity scores were seen with alleles H2-Kd and H2-Ld. H2-Dd had
low scores when compared to the other alleles and did not match the
higher binding scores when the results from the three methods were
combined with the overall scores (Figure 8) [42].

The MHC class II epitope predictions provided by the IEDB and
CBS/Expasy servers were used to analyze the possible responses of
macrophages and dendritic cells to a challenge with TMV. Figure
9 [36] shows the results for the prediction of the two alleles IAd
and IEd in Balb/c mice. The IAd allele recognized four long regions
as possible binders to the MHC class II encoded by it; these regions
were also detected in our experiments with TMV-immunized Balb/c
mice, indicating that they were important in macrophage and T and
B lymphocyte interactions and modulation. The MHC class II binding
canyon allows the interaction of long peptides, even full proteins,

provided that the 9-15 amino acid size limit is respected [43,44].
Interaction between antigen processing cells (APC) and T lymphocytes
leads to rapid cell proliferation and cell signaling as part of the
immune response. The subsequent T CD4 and B cell communication
that modulates antibody production and memory follows strict rules
[45,46], and the end result is the binding of the endosome-lysosome-
processed protein to the MHC class IT complex, via CLIP. As shown
here, the theoretical predictions and the experimental data yielded
coherent results for the binding of IgG to epitopes on the membrane
and high scores for the corresponding regions in IAd allele prediction.
These findings suggest that there is a difference in the binding affinities
of the IAd and IEd alleles in two regions (residues 30-70 and 105-115)
that needs further investigation.

The BEpiPred online software identified six regions with positive
values that corresponded to positive predictions (Figure 10). Some of
these regions were also detected by the spot technique, e.g., regions
formed by residues 50-75, 100-115 and 140-155. This method found
linear epitopes based on the TMVcp protein sequence. Based on the
scores provided by this method, the first sequence of eight residues
(3-10 SITTPSQF) corresponded to the first and second spots of
the first line; the second linear epitope had 24 residues (89-112;
TRNRIIEVENQANPTTAETLDATR) that corresponded to spots
2-9 of the second line, although experimentally only spots 5-9 were
detected (Figure 1B). The third linear epitope had 12 residues (146-
157; SSGLVWTSSPA) and corresponded to spots 22-25 spots, of which
only spots 22-24 were detected experimentally.

The TMVcp sequence was subsequently mapped for discontinuous
epitopes using the EpiPred and IEDB algorithms, with the crystal
structure of TMV being used as the input. Figure 11 shows front (left)
and rear (right) views colored according to the predictions (BepiPred)
(panel A) or shown in yellow on the structure predicted by IEDB (panel
B). Both methods yielded similar results. Eight residues (7, 37, 39, 43,
47,50, 134, 147) had single interaction points and three regions (63-66,
90-106, 140-143) were also predicted to be discontinuous.

Discussion

There is extensive structural information for TMV, particularly
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Figure 8: Combined overall results for the three Balb/c MHC class | alleles. Arrows indicate epitopes that were identified experimentally and predicted by bioinformatics
tools [57]. Inset: Spot intensities quantified by densitometric analysis of the spot synthesis membrane.
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the capsid protein, TMVcp, and the purified protein has been mapped
to identify which epitopes are recognized in different animal models
[3,47-50]. In this study, we used spot synthesis technology to map
the epitopes of TMV that interact with B and T cells. The structural
properties of TMV and TMVc¢p predicted by bioinformatics were also
used to support our experimental results.

No significant binding was predicted for the first 42 residues of
the TMVcp, in contrast to previous results for the first ten residues
[47] and for residues 19-32 [48] using polyclonal sera. The positive
regions that we identified agreed with those reported in the literature,
i.e., regions corresponding to residues 34-39 [47], 55-61 [51] and 62-68
[49], with the strongest binding occurring in residues 34-51 and 43-
60. The region involving residues 58-81 also reacted positively with
polyclonal sera (specifically, regions 55-61 and 62-68). Studies with
poly- and monoclonal antibodies (MAbs) have identified positive
regions involving regions 80-90, 105-112, 115-134, 134-146 and 153-
156 [52-54]. In agreement with this, we identified positive binding in
the region 85-108, with the strongest signal in region 88-102 (spot 30).
No binding was detected in the region containing residues 97-132, in
agreement with other reports [52,53] for regions containing residues
121-144 (spots 41 and 42) and 133-159 (spots 45 to 49). These findings
contrast with previous reports that have identified binding in this
region [10,54].

With regard to the model used to investigate the antigenic profile
of TMV, Anderer and Strébel [50] used tryptic peptides and an ELISA-
fixed complement detection system with polyclonal and monoclonal
antibodies [53], whereas Al Moudallal et al. [52] used sera from
immunized chickens and MAbs , and Altschuh and Van Regenmortel
[51] used MAbs to map protein epitopes. Subsequent reports indicated
that longer proteins should be analyzed in order to correctly address

the antigen presentation process [4,55,56]. The spot technique permits
such an analysis and fast, accurate epitope mapping can be achieved by
restricting the experiment to a mouse model, with epitope predictions
specific for this model.

The antigenic determinants of proteins are generally located in
exposed polar, hydrophilic regions. Consequently, the accessibility and
flexibility of these segments are greater than those of other potential
epitopes located deeper in the three-dimensional structure of the
molecule. As shown here, a Kyte-Doolittle [20] plot of the TMVcp
sequence revealed that the regions involving amino acid residues 30-
78, 80-120 and 130-150 had negative values (Figure 3). These regions
corresponded to the epitopes with higher binding intensities identified
in the prediction analyses. Similar results have been described elsewhere
using different, less accurate methods and animal models [3,4,57,58].

Several studies have demonstrated a correlation between
experimental data and bioinformatics prediction results for complex
processes such as proteasomal cleavage, TAP binding affinity and
MHC binding [17,33,59-63]. A similar correlation was also observed
here for the binding of TMVcp-derived peptides to MHC Class I and
Class II in mice. Since TMV does not replicative in mice it is unlikely
that mechanisms other than the usual intracellular antigen processing
pathway were activated, i.e., there was probably no activation of antigen
processing cells (APC) such as macrophages and dendritic cells that
express only MHC class II epitope binding sites. In this context, the
proteasome/TAP/MHC I predictions in the present study were done
only for comparison since no mouse cells express receptors for TMV,
although dendritic cells undergo autophagy and express both classes
of MHC [64-66]. The Balb/c alleles studied here were chosen from
the IEDB site. A number of studies have shown the effect of amino

SMM-alignment scores

Starting amino acid position

SMM-alignment scores

Starting amino acid position

Figure 9: Identification of the TMVcp regions capable of binding to MHC class Il epitopes [61]. The binding affinities of TMVcp pentadecapeptides to mouse MHC class
Il were predicted based on SMM alignments for alleles H2-IAd (A) and H2-IEd (B). In both panels, the higher the score the greater the affinity of the pentadecapeptide

for MHC class II.
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Figure 10: BepiPred scores for prediction interactions between TMVcp and B
cell epitopes. Positive scores correspond to predicted epitopes.

Figure 11: BepiPRED and IEDB B cell discontinuous epitope predictions for
the Protein Data Bank (PDB) file 3J06 A chain. BepiPRED-predicted epitopes
on TMVcp are indicated in color (blue: low binding probability; red: high binding
probability).

acid replacements on protein function, e.g., the effect of mutations on
the activity of influenza A polymerase [67,68]. Modification of capsid
proteins may lead to a defective virus and consequently to an inability
to assemble the virion particle, thereby hindering new infections
[69,70]. We did not examine the functional domains of TMVcp since
the ExPaSy functional domain prediction software did not find any
additional functional domains in the TMV amino acid sequence used
as the query sequence.

Hydrophobicity, flexibility, accessibility, the presence of turns, an
exposed surface, polarity and antigenic propensity were parameters
used to predict B cell epitopes. In general, turns occur on the surface
of proteins and are generally accessible and hydrophilic. In contrast,
the core is mostly devoid of water molecules [27]. In the case of herpes
simplex virus type IVP5 capsid protein the secondary structure is
important for antibody binding and even a minor modification can
affect antigen identification by the immune system [71,72]. TMVcp
has at least three major hydrophilic regions that span residues 30-70,
90-120 and 140-150; all three regions were also found to have higher
binding capacities.

Based on the cutoff used for the binding of mouse IgG to the

membrane the TMV epitopes were found to be located in residues
31-60, 85 - 108 and 133 - 159. The IEDB tools showed that these
regions had a higher probability of proteasomal cleavage. These results
were complemented by the predictions of TAP-binding affinity. The
predictions of binding to MHC class I took into account the combined
results of the three prediction methods and the alleles used for this
approach were based on the Balb/c immunological profile, which
includes only three MHC alleles (Dd, Kd and Ld) available from the
IEDB and CBS servers. The variation in the predicted binding observed
with this method probably reflected structural differences in the MHCs
that influenced MHC-peptide interactions [73]. In this context, in
silicio analysis revealed different possible bindings for each allele tested
and the detection of antibody binding to those were experimentally
confirmed (Figures 1,2,7). In general, the CBS server analyzed residues
individually whereas the IEDB used 9-mers in its analysis of each allele
in the three major antigenic regions identified experimentally.

These three antigenic regions were also evaluated with the IDEB
and CBS servers using MHC class II prediction software. The regions
predicted to show high affinity binding were also found to be positive
in the spot synthesis. Peptides derived from the segment containing
residues 37-69 had lower IC_; scores by the SMM method in allele IAd
whereas for allele IEd the lowest scores were observed with the longest
segments. In the latter case, the peptides were derived from a segment
containing residues 34-85. These findings suggest that these regions are
not only immunogenic and must be further investigated. However, we
could not confirm it experimentally at this time. When comparing the
binding affinities of the restricted alleles for MHC class I and class II
receptors one can find that the regions predicted to be of high affinity
were different among the predictions.

The B cell prediction software found this region to be of great
importance, with the highest values being found for residues 46-66,
in agreement with our experimental results. The discontinuous B cell
epitope prediction found this same region to be important and longer
(stretching from residue 33 to 90), with two peaks being predicted
within this region. These two peaks are separated only by a few residues
(61-63), which markedly decreased the binding probability according
to the algorithm used. The identification of these residues agreed with
the theory governing their prediction.

B cells are of particular interest because their surface receptors are
formed by rearrangement mediated by IgGs. Consequently, positive
epitopes recognized by mouse IgGs and possibly presented via MHC II
may be associated with B cell predictions through crosstalk with APCs.
This possibility was examined by using several B epitope prediction
engines, the results of which are shown in Figure 8. The parameters
mentioned above were correlated to the location of continuous epitopes.
As a result, five TMVcp regions were predicted to be B-cell epitopes.
The shortest epitope was the first in the sequence and spanned residues
18-20 while the longest one was the second and spanned residues 52-64.
The TAd and IEd alleles were chosen for this analysis. Peptides below
the IC,, cutoff, i.e., those with the best predicted binding affinities, are
shown in Figure 9.

The results described here agree with other reports for this virus and
data from reference centers on TMV studies support our spot synthesis
results; however, the epitopes that we identified differed from those
reported in these other studies. In Balb/c mice, the inoculation of TMV
the first ten overlapping pentadecapeptides of TMVcp did not produce
marked signs of antibody response (Figures 1,2). Van Regenmortel [3]
reported that these regions are important epitopes. However, the use of
several different models to obtain the results described by these authors
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could have led to different immune responses against the same antigen
(as shown for MHC class I alleles in Balb/c mice) thereby making it
difficult to interpret their findings.

In conclusion, the findings reported expand the epitope mapping
of the TMV on mice models. We found discordant regions first
regarded as well-defined epitopes that did not bind antibodies in
the present study, suggesting a more careful exploration of different
antigen processing machineries of the animal models chosen. Using
prediction algorithms for comparison the results produced were in
agreement with the experimental data. Epitope mapping is an effective
tool for measuring and identifying which regions from a given protein
binds effectively any antibody response and if used together with in
silicio predictions should provide a powerful instrument for deciding
best options for epitope-based vaccine design, which can be confirmed
thoroughly and further assessment of those decisions. Future studies
should assess the extent to which the exposure of different protein
surfaces in mutant TMV can elicit different immune responses.
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