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ABSTRACT

Due to their intrinsic genetic, structural and phenotypic variability the Lentiviruses, and specifically small
ruminant lentiviruses (SRLV), are considered viral quasispecies with a population structure that consists of
extremely large numbers of variant genomes, termed mutant spectra or mutant cloud. Inmunoenzymatic tests
for SRLVs are available but the dynamic heterogeneity of the virus makes the development of a diagnostic
“golden standard" extremely difficult. The ELISA reported in the literature have been obtained using proteins
derived from a single strain or they are multi-strain based assay that may increase the sensitivity of the sero-
logical diagnosis. Hundreds of SRLV protein sequences derived from different viral strains are deposited in
GenBank. The aim of this study is to verify if the database can be exploited with the help of bioinformatics in
order to have a more systematic approach in the design of a set of representative protein antigens useful in the
SRLV serodiagnosis. Clustering, molecular modelling, molecular dynamics, epitope predictions and aggregative/
solubility predictions were the main bioinformatic tools used. This approach led to the design of SRLV antigenic
proteins that were expressed by recombinant DNA technology using synthetic genes, analyzed by CD spectros-

copy, tested by ELISA and preliminarily compared to currently commercially available detection kits.

1. Introduction

Infections by ovine and caprine lentiviruses, referred to as small
ruminant lentiviruses (SRLV), cause slow-progressive, persistent and
debilitating diseases that can lead to the death of the animal due to the
failure of many organs. Herd productivity and international animal
trade are also adversely affected. Two genetically, structurally and
antigenically related viruses, members of the genus Lentivirus of the
family Retroviridae, are in the SRLV group: Maedi Visna Virus (MVV)
and Caprine Arthritis Encephalitis virus (CAEV) (Minguijon et al., 2015;
Ramirez et al., 2013). In the past, sheep and goat lentivirus infections
have been considered species-specific, with the MVV infecting the sheep
and CAEV infecting the goats. More recently, sequence analyses and
phylogenetic studies have concluded that the two apparently different
viruses are part of a genetic continuum of lentiviral species (Leroux
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et al., 2010) and cross-species transmission has been demonstrated
(Shah et al., 2004a,b; Minardi da Cruz et al., 2013; Fras et al., 2013).

SRLV have been classified in 5 genotypes or clades with 28 reported
subtypes (Michiels et al., 2020; Molaee et al., 2020). Genotype A (sub-
types A1-A22) corresponds to the original MMV, whereas genotype B
(subtypes B1-B5) corresponds to the original CAEV; these two genotypes
are widely distributed and comprise most of the subtypes. In addition,
geographically restricted genotypes C, D and E have been reported
(Reina et al., 2010; Shah et al., 2004a; Gjerset et al., 2006; Grego et al.,
2007).

Diagnosis of SRLV infections can be made clinically, though only a
small proportion of animals develop clinical signs. Serology represents a
reliable and cost-effective method of diagnosing persistently SRLV
infected animals (OIE, 2021, https://www.oie.int/fileadmin/Home
/eng/Health_standards/tahm/2.07.02-03_CAE_MV.pdf/). In the past
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decades a number of methodologies have been developed for this pur-
pose. These include the agar gel immunodiffusion (AGID),
enzyme-linked immunosorbent assay (ELISA), radio-
immunoprecipitation (RIPA), radioimmunoassay (RIA), and western
blotting (WB) (de Andrés et al., 2005). Since no “gold standard’’ method
of diagnosis exists, it is quite usual that estimates of performance of a
certain test, in particular sensitivity and specificity, are made relative to
some other measure. The quality of the SRLV serological diagnosis
generally depends on several factors: the format of the assay, the se-
quences and structural homologies between the strain of virus used in
the assay and the strains of virus present in the testing populations, and
the viral antigen used in the assay (OIE). Regarding the ELISA both in-
direct and competitive ELISA format have been developed and mainly
three different recombinant protein antigens have been selected and
used: the capsid protein p25 (CA), the transmembrane protein gp46
(TM), and the gp135 envelope protein. Synthetic peptides derived from
p25 or TM as well whole virus antigens have also been used (OIE). The
combination of the CA and TM antigens has shown to be quite effective
in indirect ELISA and has been used in certain tests (Brinkhof et van
Maanen, 2007; Saman et al., 1999).

However, due to the “quasispecies” nature of these viruses the high
structural and immunogenic variability of SRLV represents an important
limitation in the use of the ELISA. In fact, as stated above, the homology
between the strain of virus used in the assay and the strains of virus
present in the testing populations should always be taken into account.
The ELISA reported in the literature have been obtained using proteins
derived from a single strain in certain cases (Saman et al., 1999; Konishi
et al., 2010); in another case it has been reported that a
double-strain-based immunoassay may increase the sensitivity of sero-
logical diagnosis of SRLV infections (Grego et al., 2002).

Certain commercial kits use proteins derived from more than one
strain apparently chosen on empirical bases since they represent the
main genotypes but no detailed information is available, to the best of
our knowledge. On the other hand, hundreds of SRLV protein sequences
derived from different viral strains are deposited in GenBank. The scope
of this investigation is to verify if the database can be exploited with the
help of bioinformatics in order to have a more systematic approach in
the design of a set of representative protein antigens useful in the SRLV
serodiagnosis, since our ultimate goal is the development of an efficient
and highly cost effective in-house indirect ELISA test. The main bio-
informatic tools used in this investigation were: protein clustering,
molecular modelling, molecular dynamics, epitope predictions and
aggregative/solubility predictions. The conclusions from these analyses
led to the design of SRLV antigenic proteins that were expressed
recombinantly, analyzed by CD spectroscopy, tested by ELISA and pre-
liminarily compared to currently commercially available detection kits.

2. Materials and methods
2.1. Sequence clustering analysis

The proteins investigated were the p25 capsid protein and the gp46
transmembrane (TM) protein that were chosen as suitable according to
literature data (Saman et al., 1999). The exodomain of the TM protein
was identified by using the program TMpred (Hofmann and Stoffel,
1993). Cd-Hit, a sequence-based clustering software (Huang et al.,
2010), was used to analyze the protein sequences retrieved with BlastP
from the Non-Redundant database.

Clustering can help to organize protein sequences into homologous
and functionally similar groups. In our approach we make the reason-
able assumption that a high immunological and epitope similarity could
correspond to high protein sequence identity. A cluster is a set of se-
quences associated with one sequence, known as the centroid or repre-
sentative sequence. Every sequence in the cluster must have an identity
above a given threshold with the centroid. Therefore, clustering can
reduce a large data set of sequences to a limited number of
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representative sequences.

In Cd-Hit sequences are first sorted in order of decreasing length. The
longest one becomes the representative of the first cluster. Then each
remaining sequence is compared to the existing representatives. If the
identity with any representative is above a given threshold, it is included
into that cluster. Otherwise a new cluster starts with it as representative.
It is worth to remark that the sequences are processed in the order they
appear in the input file. In our data set sequences of prototypic SRLV
isolates were placed at the beginning of the file in order to verify if they
were suitable as representative sequences. Three identity thresholds (80
%, 85 % and 90 %) and default input parameters were used in CD-Hit.

2.2. Homology modelling and structural analyses

The structural homology models of the three variants 1, 2 and 3 of
the P25 domain of SRLV virus gag protein were built by Modeller (Fiser
and Sali, 2003) with P26 of equine infectious anemia virus capsid (1EIA)
(Jin et al., 1999) and the Ca-trace of hexameric P24 in HIV-1 (3GV2)
(Pornillos et al., 2009) as templates. The structural homology models of
trimeric TM_1 and TM_2 of the transmembrane protein of SRLV were
built by Modeller using the closest related structures, i.e. the ectodomain
of SIV gp41 (1QCE) and Visna TM core structure (1JEK) (Malashkevich
et al., 2001), as templates. The structural restraints were used for
intramolecular disulfide bond formation between C42 and C49 in each
protomer. The TM_1_2 polypeptide contains the sequences of TM_1 and
TM_2 joined by a short flexible linker. Two models of the multistrain
TM_1_2 polypeptide were generated starting from the model of the
trimeric TM_1. Chains A and B were joined (TM_1_2ab model) in one
case and chains A and C (TM_1_2ac model) in the other case.

The top evaluated models were energy minimized with the YASARA
energy minimization server (Krieger et al., 2009) and subsequently the
protein geometry was evaluated by MolProbity (Williams et al., 2018).
Structures were displayed and root mean square deviation (RMSD)
calculated by PyMOL (Schrodinger, 2010).

Multiple sequence alignments of the protein sequences of the struc-
tural models and their homologous variants were generated by ClustalW
in Seaview (Gouy et al., 2010) and sequence conservation was displayed
on the models by ConSurf (Ashkenazy et al., 2016).

Linear B-cell epitopes of the sequences of P25-variants 1, 2 and 3 and
as well as the two TM_1 and TM_2 were done with ABCpred (Saha and
Raghava, 2006), BcePred (Saha and Raghava, 2004), BepiPred 2.0
(Larsen et al., 2006), COBEpro (Sweredoski and Baldi, 2009) and ElliPro
linear (Ponomarenko et al., 2008). Discontinuous epitopes were pre-
dicted for the structural models of the same five proteins by using BEpro
(Sweredoski and Baldi, 2008), DiscoTope 2.0 (Kringelum et al., 2012),
ElliPro discontinuous (Ponomarenko et al., 2008), EPCES (Liang et al.,
2009) and SEPPA 3.0 (Zhou et al., 2019). The epitope consensus pre-
diction for each position was calculated on the basis of the results from
the ten above-mentioned programs.

2.3. Molecular dynamics

The MD simulation was performed using Amber 12 software in the
AMBER ff03 force field (Case et al., 2012). The systems were subjected
to 100—200 ns simulations at 300 K temperature and 1 bar pressure,
without restrictions, in a suitable explicit water box. The trajectory
analysis was performed using a software developed in house. The RMSD
is a measure of the spatial difference between two static structures, and
in the MD simulation, the calculation was performed against the
centroid (the mean structure trajectory) and all increasing time trajec-
tory structures. The RMSF profile calculates the flexibility of a residue
based on the fluctuation around an average position among all stuctures
of an MD simulation. VMD software (http://www.ks.uiuc.edu/Rese
arch/vmd/) (Humphrey et al., 1996) was used to visualize protein
behaviour throughout the simulation. Graphics were generated with
Gnuplot 5.0 (http://www.gnuplot.info/).
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2.4. Computational aggregation study

An in silico method, that can predict the aggregative properties of
proteins starting from the modelled 3D structures, was used. Calcula-
tions were done with the Aggrescan3D software available at: http://bioc
omp.chem.uw.edu.pl/A3D2/ web site (Zambrano et al., 2015). Struc-
tures were used with no further energy minimization and default input
parameters were applied. Results were analyzed with the tools provided
by the software.

2.5. Synthesis and purification of the polypeptides

All polypeptides were obtained by recombinant DNA technology in
Escherichia coli. The related synthetic genes were inserted into cloning
vectors (recombinant cloning vectors) purchased from Eurofins Geno-
mics (Ebersberg, Germany) and subsequently subcloned into the Hin-
dIll- BamHI sites of plasmid pQE30 to obtained a protein with N-
terminal His tag (MRGSHHHHHHGS).

All the proteins from lysed cells, were analyzed by 12 %-4% SDS-
PAGE gel and polypeptides expression was confirmed by western blot
analysis (Lee et al., 2014) with Monoclonal
Anti-poly-Histidine-Peroxidase antibody (Sigma). Where indicated
polypeptide was purified by HPLC (SHIMATZU-HPLC) on a reverse
phase C4 column (Jupiter 5 pm, 300A,250 x 4.60 mm, Phenomenex).
Purity analysis was made by SDS-PAGE gel and by HPLC on a reverse
phase C18 column.

Polypeptides concentration were determined spectrophotometrically
using extinction coefficients at 280 nm (https://web.expasy.org/protp
aram/).

2.6. CD spectroscopy analysis and CD spectra calculations

CD spectra were acquired at 25 °C with a Jasco J-815 CD Spec-
trometer with a light source constituted by a Xenon 250 W lamp and
equipped with a thermoelectric temperature controller. The acquisition
was carried out in a cylindrical quartz thermostated cell with an optical
path of 0.1 cm in the spectral range 190-250 nm, a scanning speed of
100 nm/min, 1 nm bandwidth, a time-constant of 0.5 s, 20 mdeg of
sensitivity and a total number of 16 accumulations for each spectrum.
Then, the baseline spectra of the solvents were subtracted and spectra
were smoothed using the Fourier transform. Data were expressed in
terms of the molar ellipticity per residues in units of deg x cm?xdmol L.
Analysis of CD spectra for the evaluation of secondary structure content
was performed with DICHROWEB using the SELCON 3 algorithm
(Whitmore and Wallace, 2004; Micsonaia et al., 2015).

Circular dichroism spectra of the polypeptides were calculated with
the software PDBMD2CD (Drew and Janes, 2020) at the web server http
s://pdbmd2cd.cryst.bbk.ac.uk/, starting from the molecular dynamic
simulation data (e.g. MD trajectories) and generating spectra for each of
the structures provided. 100 structures were sampled from each MD
simulation and used for the CD spectra calculations. Calculated spectra
were compared to the experimental ones using the same program
PDBMD2CD.

2.7. Indirect ELISA

Sera used were obtained from sheep and goats of southern Italy
(Basilicata and Campania regions) and Central Macedonia - Greece. All
procedures were conducted in strict accordance with European legisla-
tion, regarding the protection of animals used for scientific purposes
(European Directive 2010/63). Veterinary officers of the Italian Na-
tional Health System collected blood samples during the compulsory,
official eradication and surveillance programs on brucellosis of small
ruminants, for which sheep and goats must be periodically sampled.
Greek samples were collected as previously described (Chassalevris
et al., 2020)
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All the protein antigens were preliminary tested in Western Blotting
and ELISA. A checkerboard titration was conducted to optimize the in-
direct ELISA reaction. Maxi Binding Immuno plates SPL (Life Sciences)
were coated with polypeptides using a fixed mass ratio of 1:1:2 for
P25_1, P25 _2frag and TM_1_2 respectively at different total concentra-
tions from 8 to 0.5 pg/mL in the coating buffer; 0.5 M carbonate buffer
(pH 9.6), and then incubated at 4 °C overnight. Non-specific bindings
were inhibited with blocking buffer 2% ovalbumin (Sigma) in PBS.
Plates were washed twice with phosphate-buffered saline (PBS,pH 7.4).
Sera were diluted with PBS Tween 0,05 % (PBS-T) at different dilutions
from 1:25 to 1:1600. Protein G Peroxidase (Sigma) was diluted in (PBS-
T) at different dilutions; 1:10000, 1:30000, 1:60000 and 1:120000 and
added as secondary antibody. Then, tetramethylbenzidine (TMB, Sigma)
was used as a substrate and the optical density (OD) read at 450 nm.

The checkerboard titration method was conducted using positive and
negative samples. The diagnostic accuracy and the optimal cut-point
value were evaluated by ROC analysis performed using the MedRoc
software (https://stenstat.com/MedRoc/MedRoc.htm).

3. Results

3.1. Clustering analysis of the variable protein sequences of the SRLV P25
and TM proteins

Blastp retrieved 967 and 458 sequences for the SRLV P25 protein and
for the 115-residue-polypeptide fragment of the SRLV TM (gp46) pro-
tein (sequence 680-794 envelope glycoprotein strain CAEV-cork
accession P31626.1), respectively. In the Blastp analysis the lowest
sequence identity was 70.7 % with respect to the query sequence
(KV1772 strain) in the case of P25 and 67.8 % with respect to the query
sequence (EV1 strain) in the case of the TM peptide. The 115-residue
polypeptide represents the exodomain of the transmembrane protein
and was chosen with the aid of a TMpred analysis. Sequences shorter
than the full length one was also retrieved in the case of P25. Clustering
results are summarized in Table 1.

In the case of the P25 at 90 % of sequence identity three main clusters
were found. They are formed by 512, 390 and 34 sequences, respec-
tively, and together represent 96 % of the retrieved P25 sequences. The
representative sequences of the clusters are related to the accession
numbers P03352.1 (Braun et al., 1987; Sonigo et al, 1985),
ABU25359.1 (Grego et al., 2007) and ACV53612.1 (Reina et al., 2010),
and belong to an A (strain 1514), B (strain I1t-007.5s03) and E (strain
Seui) SRLV genotype, respectively. The clustering of the TM peptide at
85 % of sequence identity shows that two main clusters are present with
421 and 20 sequences, respectively, which represent 96 % of the
retrieved TM polypeptide sequences. The representative sequences of
the clusters are related to the accession numbers ABO32371.1 (Fraisier
et al., 2007) and P31626.1 (Knowles et al., 1991; Saltarelli et al., 1990)
and belong to an A (strain EV1) and B (strain Cork) genotypes, respec-
tively. Clustering with a threshold value of 90 % resulted in a high
number of clusters with the five most numerous ones representing 90 %
of the retrieved sequences. Sequences to be expressed were chosen
accordingly.

In conclusion this analysis reduced a large data set of sequences to a
limited number of representative sequences that were used for the an-
tigen design and development.

In particular three sequences were selected for P25 (named P25_1,
P25_2 and P25_3) and two for the TM protein (named TM_1 and TM_2)
with an identity level within each cluster of 90 % and 85 % respectively.
Clusters corresponding to genotype C and D can also be identified in the
analysis of the P25 sequence data set but contain only one sequence.

3.2. Structural bioinformatics analysis of the SRLV P25 and TM proteins

To simplify the set of polypeptides to be biosynthesized, in order to
lower the development efforts and the production costs of a potential
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Table 1
Clustering results for P25 and TM proteins retrieved with BLASTP.

(@)
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LT. Clusterl  Cluster2 Cluster3 Cluster4  Cluster5  Cluster6  Cluster7 Cluster8 Cluster9
80% ABU25359.1  ACV53612.1
933 34
85% HBUZSSSON AGG09050.1  NCWSIGIRN
702 231 34
90% P03352.1 ABUZSISON  MOVS3GIN ~ AGH08192.1*
512 390 34 14
(b)
LT. Clusterl  Cluster2 Cluster3 Cluster4  ClusterS  Cluster6  Cluster7 Cluster8 Cluster9

80% ABO32371.1  P31626.1 AEF12562.1 ACA81613.1 AAG48632.1
2 2 1

85% ABO32371.1  P31626.1 AEY84768.1 AAS18424.1  AEF12562.1
6 4 2
90% AGS55105.1
254

AGS55047.1 NBOSSHN AvG99202.1 [IE3E626H
105 40 9 7

ACA81613.1 AYG99177.1 AAG48632.1 AMR71156.1
2 2 1 1

NP_040843.1 AEY84760.1 ALP75967.1 AEY84767.1%*
7 7

L.T. Identity Threshold. In green are highlighted the accession numbers related to the biosynthesized sequences. Under the accession numbers, the number of sequences

in each cluster is indicated.

(a) Clustering results for the 967 sequences of the P25 protein. The Query sequence was the P25 (KV1772 strain). *There are other 6 clusters with all sequences that are

shorter than 220 aa.

(b) Clustering results for the 459 sequences of the TM peptide. The Query sequence was TM_1 (EV1 strain). **There is another cluster with 4 sequences and other 12

clusters each with a number of sequences equal to or less than 2.

indirect ELISA test, a preliminary biostructural analysis and an epitope
prediction was conducted on P25 and all the three complete sequences
(P25_1, P25_2 and P25_3) were considered in the calculations. A similar
analysis was performed for the transmembrane protein on the poly-
peptides TM_1, TM_2 and a multistrain TM_1_2 polypeptide. Molecular
modelling and Molecular dynamics were the main tools used for the
preliminary structural bioinformatics analysis.

3.2.1. Homology models of P25 (variants 1, 2 and 3), TM polypeptide
(variants 1 and 2) and multistrain polypeptide TM_1_2

Structural homology models of P251, P25 2 and P25.3 were
generated to evaluate potential antibody-accessible epitopes. The
structural templates for these homology models were P26 of EIAV (1EIA,
47, 50 and 47 % similar to P25_1, P25_2 and P25_3 respectively) and the
hexameric form of the corresponding protein P24 of HIV (3GV2, 45, 47
and 44 % similar to P25_1, P25 2 and P25_3, respectively). The ho-
mology P25 models were analyzed in different aspects to evaluate if they
were sound in terms of resemblance to the templates, protein geometry,
location of polar, non-polar and conserved residues. The structural
models of the P25-variants 1, 2 and 3 were superimposed on the tem-
plates and the RMSD were calculated showing values in the range
0.8-2.6 A (Supplementary Fig. 1). These homology models display
protein geometry comparable to the template 1EIA (Supplementary
Table 1) and have mainly hydrophobic residues towards the core of the
protein (Supplementary Fig. 2), where also the majority of evolutionary
conserved residues are found (Supplementary Fig. 3). SRLV P25 models
adopt the same domain folds reported for HIV-1 p24 (Momany et al.,
1996), and EIAV p26 (Jin et al., 1999) with the first seven a-helices
forming the larger N-terminal domain and the remaining four a-helices
forming the C-terminal domain. A flexible linker joins the two domains.
The major differences in the P25 models and the template structures are
found in the longer loops, i.e. between helix 4 and 5 as well as in the
linker between the domains, and towards the C-terminal end of the
protein.

Regarding the gp46 (TM) exodomain as structural templates for the
homology models the closest related 3D-structures (based on sequence

similarity) were chosen: the trimeric helix-loop-helix structures of gp41
of HIV (1QCE, where only the helices are present, with 45 and 44 %
sequence similarity with TM_1 and TM_2, respectively) and the TM of
Visna Maedi (1JEK, where the loop connecting the two helices is
missing, with 55 and 46 % sequence similarity with TM_1 and TM_2,
respectively). Thus, also the obtained homology models consist of
trimeric helix-loop-helix structures with a pseudo threefold symmetry
axis. The TM homology models were analyzed in a similar way as the
P25 models. The structural models of TM_1 and TM_2 were super-
imposed on the templates and RMSDs were measured and showed values
in the range 0.4-2.2 A with the major differences in the loop between the
helices (Supplementary Fig. 4). However, it is noteworthy that also the
two template structures differ with respect to each other, displaying an
RMSD of 1.8 A. The TM_1 and TM_2 models differ in the first few resi-
dues of the loop just after the N-terminal helix. This region as well as in
the tip of the loop are also somewhat different in the homology models
with respect to the template structure of HIV gp41. The homology
models do not exhibit deteriorated protein geometry compared to the
same statistics of the two templates (Supplementary Table 2). Moreover,
the distribution of solvent-accessible and buried residues co-variates
with the charged/polar and hydrophobic residues, respectively (Sup-
plementary Fig. 5). The evolutionary conservation of residues within TM
sequences in their positions in the structural homology models were
analyzed and the results show that the residues involved in intra-
molecular helix-helix packing and intermolecular trimeric interaction
are highly conserved whereas the solvent-exposed residues and the
residues in the loop are variable (Supplementary Fig. 6). As above re-
ported two different models were built for the multistrain polypeptide
TM_1_2 using as template the TM_1 trimeric structure, due the pseudo-
three-fold symmetry axis of the trimer. Both models were energy mini-
mized and retain most of the structural features of the parent trimer
model (Supplementary Fig. 7).

3.2.2. Molecular Dynamics (MD) of P25 (variants 1, 2 and 3), TM
polypeptide (variants 1 and 2) and multistrain polypeptide TM_1_2
Molecular dynamics simulations were performed to further validate
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the homology models obtained with Modeller and to analyze their
structural stability in different oligomeric states and in a fusion protein
construct. Calculations were done for P25_1, TM_1 as monomer and as
trimer and for the two models of the TM_1_2 multistrain polypeptide.
MD simulations of 200 nanoseconds (ns), were performed for P25_1,
and TM_1 (both monomer and trimer) whereas 100 ns was the simula-
tion time for TM_1_2. The dynamic behaviours were assessed by tra-
jectory analysis. RMSD was used to evaluate the deviation of the
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predicted models from the original states during the simulation (Sup-
plementary Fig. 8). High-magnitude RMSD fluctuations throughout the
simulation can be an indication of a flexible and mobile natural protein /
polypeptide. All MD simulations were visually inspected as well. Ac-
cording to the results of the analysis, the RMSD tends to stabilize at
approximately 20—30 ns of simulation time for all the structures with
the exception of the TM_1 monomer were larger fluctuations are
observed during the entire simulation. Apart from TM_1 all the other

Fig. 1. The consensus predictions for linear and discontinuous epitopes are displayed on the homology models of P25_1 (top), P25_2 (middle) and P25_3 (bottom) in
blue with the consensus intervals >90 % (red), 80-89 % (orange), 70-79 % (yellow), 60-69 % (green) and 50-59 % (cyan).
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structures show, after the stabilization time, approximately a 2 nm de-
viation from the initial structure and a periodic fluctuation of low
magnitude on the basis of this value.

Moreover, we evaluated the fluctuations resulting from movements
of each of the residues in the protein, which highlights the most flexible
chain segments (Supplementary Fig. 9). The root means square fluctu-
ation (RMSF) analysis of each residue was performed to determine
which residues may have given the main contributions to the RMSD
values. In P25_1 all the residues show low mobility. TM_1 monomer has
a high flexibility for many residues. For the other TM structures a sig-
nificant flexibility is observed in the loop region and at the end of the C-
terminal helices of the TM_1 trimer whereas TM_1_2ab and TM_1_2ac are
quite flexible in the loop and in the linker.

As overall result, molecular dynamics simulation conducted on
P25_1 confirms that homology models of P25 are quite stable as struc-
tures; in fact, no relevant variation from the initial structure are
observed during the 200 ns of MD simulation of P25_1. Therefore, at
least in terms of protein geometry as well as the positions of polar, non-
polar and conserved residues, and dynamic behaviour the homology
models of the P25-variants 1, 2 and 3 are reasonably acceptable. The 200
ns molecular dynamics simulation of the homology model of TM_1 in the
trimeric structure demonstrate that it is quite stable whereas the 200 ns
MD simulation of the TM_1 monomer shows that significant conforma-
tional distortions with respect to the starting structure appear at residues
16 and 27-28 of N-terminal a-helix and 75-77 in the C terminal o-helix.
This may be due to the lack of favourable stabilizing intermolecular
interactions as compared to the trimeric structure.
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On the contrary MD simulations conducted starting from the TM_1_2
models do not show significant conformational variations for 100 ns, in
this case the additional hydrophobic interactions between the two helix-
loop-helix motifs may contribute to an effective stabilization of the
structure with respect to the monomer. Model TM_1_2ac appears to be
less flexible during the simulation than model TM_1_2ab. In conclusion
our results indicate that the TM_1 polypeptide is quite stable in the
trimer structure (that should correspond to the native structure) but
flexible in the monomeric form (a similar result should be expected for
the TM_2). The multistrain TM_1_2 polypeptide behaves like the trimer
form in terms of flexibility in the MD simulation.

3.2.3. Antibody-accessible epitopes on the homology models of P25
(variants 1, 2 and 3) and TM polypeptide (variant 1 and 2)

Potential B-cell epitopes in the sequences and on the homology
models of the P25-variants 1, 2 and 3 were predicted using the sequence
for the linear epitope and the modelled structures for the prediction of
the discontinuous (conformational) epitopes (Supplementary Fig.10).
The consensus epitope predictions mapped onto the models of the P25-
variants 1, 2 and 3 show that the major epitope hotspots in the proteins
are found in the more extended loops on the distal edges of the larger N-
terminal and the smaller C-terminal domains and very few proximal to
the domain interface area (Fig. 1).

The consensus of discontinuous epitope predictions displayed similar
results (Supplementary Fig. 11) as those in using all programs. Thus, the
P25-variants 1, 2 and 3 contain numerous potential epitopes including
an immunodominant epitope experimentally found and previously

Fig. 2. The consensus predictions for linear and discontinuous epitopes are displayed on the homology models of TM_1 (top) and TM_2 (bottom) in blue with the
consensus intervals >90 % (red), 80-89 % (orange), 70-79 % (yellow), 60-69 % (green) and 50-59 % (cyan).
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reported in the literature (LNEEAERWVRQ) (Rosati et al., 1999). It is
noteworthy that only one significant epitope is found in the N-terminal
region of the protein.

Potential B-cell epitopes in the sequences and the homology models
of TM_1 and TM_2 were predicted as in the case of P25 (Supplementary
Fig. 12). The consensus epitope predictions were mapped onto the
models of TM_1 and TM_2, showing that the major epitope hotspots in
both proteins are located in the loop between the two a-helices and to
some extent towards the C-terminal end of the second a-helix (Fig. 2).

The predicted epitopes consist of mainly exposed residues that would
be accessible both in the monomer and dimer (TM_1_2) forms of the
proteins. If considering the epitope consensus predictions of only the
programs using the structural models, i.e. the predictions for the
discontinuous epitopes, the results were similar to those of all epitope
prediction programs (Supplementary Fig. 13). The differences in these
results are mainly due to that the discontinuous epitope predictions also
included exposed residues of the C-terminal a-helix as potential epi-
topes. In conclusion, these results demonstrate that several potential
epitopes are found in the in TM_1 and TM_2. Results are partly in
agreement with experimental findings by Bertoni et al. (Bertoni et al.,
1994, 2000), however, our analysis did not find the first two epitopes in
the N-terminal o-helix that were reported in their paper.

3.3. Design and production of the SRLV P25 and TM antigens

Based on the considerations from the sequence clustering and
structural modelling analyses that are described in the previous sections,
antigen constructs of the SRLV P25 and TM proteins were designed and
expressed recombinantly and purified. P25_1 was wholly synthesized in
order to have the complete set of epitopes of this protein whereas a
multistrain polypeptide (P25_ 2_3frag) was designed and initially bio-
synthesized. In this case a suitable fragment was chosen from both
proteins with amino acids lacking at the N-terminus (P25_2 and P25_3)
and a short linker was used to join the two fragments. The specific
sequence was chosen considering that, as noted above, most of the
epitopes are in the central and C-terminal region of the protein. How-
ever, the chimeric P25_2_3frag was poorly expressed and difficult to
purify, thus P25 2frag and P25_3frag were produced. Regarding the
transmembrane protein three polypeptides were biosynthesized TM_1,
TM_2 and the multistrain TM_1_2.

CD signal (dE)
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3.4. Secondary structure and aggregation analysis of the SRLV P25 and
TM antigens

In order to evaluate if the secondary structure implied by the struc-
tural modelling of Section 3.2 is consistent with that of the recombi-
nantly obtained antigens, we performed a spectroscopic study of the
polypeptides and theoretical spectra were calculated for the structural
homology models. CD spectra were recorded in TFE/water solutions at
various concentrations and phosphate buffer (PB) solutions at room
temperature. P25_1 is easily soluble in PB and its CD spectrum was
qualitatively compared with the CD spectrum calculated from the MD
trajectories using 100 structures sampled during the simulation. The
calculated and experimental spectra appear qualitatively quite similar
(Fig. 3), thus suggesting that the secondary structure of the structural
models of P25 are coherent with the corresponding proteins.

Spectra were obtained for TM_1, TM_2 and the multistrain TM_1_2 in
PB and TFE. Spectra of TM_1 and TM_2 in PB differ qualitatively from
those measured in TFE (Supplementary Fig. 14). In particular the min-
imum at about 222 nm appears to be less deep in PB solution than in TFE
for both TM_1 and TM_2, which most likely indicates a lower extent of
a-helix structure. Moreover, the CD spectrum calculated from the MD
simulation of TM_1 compares better with the spectrum in TFE (Supple-
mentary Fig. 15).

On the contrary, spectra of the chimeric TM_1_2 taken in PB and TFE
appear qualitatively quite similar to each other. Comparison of the CD
spectrum calculated starting from the MD simulation of TM_1_2ac
structure shows a reasonable qualitative agreement with both the
spectrum in PB and TFE (Fig. 4).

However, in both cases the maximum at approximately 195 nm of
the spectra appears to be lower than the corresponding maximum in the
calculated spectrum. This may be due to random coil conformations that
are not evidenced in the MD simulation since an analysis performed
using Dichroweb indicates a contribution of 16 % and 24 % unordered
conformation in the spectrum of TM_1_2 in TFE 70 % and PB, respec-
tively. Since we observed a low solubility in PB especially for the TM_1
and the TM_2 polypeptides, we were prompted to investigate the ag-
gregation propensity of TM_1 (monomer), and the multistrain TM_1_2 as
compared to the TM_1 as trimer using a computational approach. In this
respect, with the aid of Aggrescan3D, we qualitatively predicted the
solubility of the proteins and polypeptides by using an in silico method
that can anticipate the aggregative properties of protein and eventually
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Fig. 3. Superimposition of the P25_1 CD spectrum (red) in water (a) and TFE 70 % in water (b) with the average spectrum calculated from the MD simulation (bold
blue). The envelope of the spectra corresponding to 100 sampled structures is in light blue. In green is reported (shifted) the calculated spectrum closest to the

experimental.
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Fig. 4. Superimposition of the TM_1_2 CD spectrum (red in phosphate buffer (a) and TFE 70 % in water (b) with the average spectrum calculated from the MD
simulation (bold blue). The envelope of the spectra corresponding to 100 sampled structures is in light blue. In green is reported (shifted) the calculated spectrum
closest to the experimental.

assist the engineering of soluble protein. The aggregative properties of The trimer structure apart from the loop region, is lined with non-
the molecular surface of the monomer and trimer TM_1, are shown in aggregative residues whereas in the case of the monomer the aggrega-
Fig. 5(a) and (b) respectively and that of the TM_1_2 polypeptide in tive residues encompassing the loop and the N terminal a-helix are
Fig. 5 (c). exposed to the solvent. In the multistrain TM_1 2 a number of

C

Fig. 5. Aggregative tendency of the molecular surface of TM_1 monomer (a), TM_1 trimer (b) and TM_1_2 (c) as evaluated with Aggrescan3d. High aggregative is red
low aggregative is blue.
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aggregative residues of the N-terminal a-helix are buried within the
inner part the molecule. In conclusion this analysis qualitatively predicts
a higher solubility for the trimer structure, a poor one for the monomer,
with an intermediate value for the chimeric TM_1_2. This result could
reasonable explain the findings derived from the CD analysis as
compared to the MD simulations. This approach can be used in the
future to try to avoid the biosynthesis of poorly soluble peptides.

3.5. ELISA to test the SRLV P25 and TM antigens

A preliminary ELISA test was set up using P25_1, P25_2frag and
TM_1_2; P25_3frag (corresponding to genotype E) will be eventually
introduced in future developments (data not shown). A checkerboard
analysis was performed using a fixed mass ratio of 1:1:2 for P251,
P25_2frag and TM_1_2 respectively, and the ELISA test conditions were
optimized.

A panel of 47 samples of Greek origin previously tested with a
commercial ELISA for SRLV and PCR, and giving identical results
(Chassalevris et al., 2020), were retested with our in-house ELISA. A
preliminary Roc analysis, showed a 96 % sensitivity and a 95 % speci-
ficity for our test (Supplementary Fig. 16). An additional comparison of
37 sera from southern Italy was done with another commercial indirect
ELISA and a 100 % relative sensitivity and 100 % relative specificity
were found.

4. Discussion and conclusions

RNA viruses generally exhibit heterogeneous and complex pop-
ulations with similar but nonidentical genomes, since they evolve
rapidly mainly due to the large population size, the high replication rate,
the defective proofreading ability of their RNA-dependent RNA poly-
merase or their RNA-dependent DNA polymerase (Reverse Transcrip-
tase) in the case of the retroviruses. The intrinsic genetic, structural and
phenotypic variability of the Lentiviruses and specifically SRLV, has led
numerous authors to classify them as viral quasispecies (Holland et al.,
1992) with a population structure that consists of extremely large
numbers of variant genomes, termed mutant spectra, or mutant clouds
(each specific viral mutant is also sometimes referred as strain or clone).
It is noteworthy that according to Holland and colleagues: “It is
important to remember that every quasispecies genome swarm in an
infected individual is unique and “new” in the sense that no identical
population of genomes has ever existed before and none such will ever
exist again”, i.e. the virus is constantly exploring the evolutionary
sequence space.

Immunoenzymatic tests for SRLVs are available but the dynamic
heterogeneity of the virus makes the development of a diagnostic
“golden standard" extremely difficult. However, one can envisage stra-
tegies to adapt continuously and improve the performances of the
diagnostic tests, as sequence data accumulate due to the intrinsic nature
of a “viral quasispecies “. This implies that a sort of dynamic and flexible
approach should, in principle, be considered in the design of optimized
viral antigens used in the tests.

The starting point should be a reasonable description of the “mutant
spectra” i.e. the sequence space explored by the viral quasispecies. The
DNA sequences deposited in the data banks are the only available source
to derive the protein sequence variability and for extracting consensus
sequences to identify major viral sequences, to be exploited for DNA
amplification both for diagnostic purposes and for traditional molecular
cloning with the aim of expressing the proteins. Starting data could be
biased due a number of factors including the very limited number of
deposited sequences with respect to the heterogeneity of the viral pop-
ulation, the uneven geographic distribution with respect to the livestock
geography and, taking into account the relatively fast evolution of the
viral quasispecies, the potentially not updated nature of the data set with
respect to the current viral strains distribution. Therefore, it is clear that
improving the representativeness and coverage of SRLV sequences in the
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existing data bases is an auspicable future goal. A promising approach to
tackle the problem with high sequence variability is presented in the
work of Colitti et al. (2019) with Next Generation Sequencing (NGS)
technology introduced to characterize SRLV isolates completely.

In any case, it is expected that relatively large sets of sequences have
to be analyzed, therefore, algorithms to reduce the data set to a
reasonable number of representative protein sequences are very useful.
Sequence clustering with an acceptable threshold identity seems quite
appropriate and appears to be the simplest approach. However, other
more sophisticated approaches could be explored, for example a com-
bination of a preliminary sequence clustering with a very high identity
threshold (for example greater than 95-98 %), that results in high
number of selected sequences, followed by structural clustering of the
corresponding modelled structures. This would require the automation
of the modelling step and by far a greater computation effort. Since the
clustering analysis usually provides a number of sequences of the same
protein corresponding to different strains, it is important to consider the
possibility to express and use multistrain polypeptide antigens obtained
by the fusion of multiepitope regions of the protein derived from the
selected representative sequences, in order to have a reasonable low
number of individual polypeptides in the test. In this respect, a pre-
liminary consensus prediction based on linear and conformational
(discontinuous) epitopes is essential. In order to perform a proper
conformational epitope prediction, the knowledge of the protein 3D
structure is necessary; when no experimentally-determined structure is
available, the alternative is protein homology modelling. As shown in
this study, the structural modelling, MD and analysis of the antigens can
facilitate the choice of the boundaries of each antigen to be inserted into
the fusion protein construct by selecting stable domains with structural
integrity, considering oligomeric states of the protein, avoiding
aggregation-prone fragments and retaining the majority of the epitopes
of the parent proteins. Furthermore, the bioinformatic methods used can
help in assessing structural stability and solubility also of the planned
multistrain polypeptides, which are important not only for the final
antigen product but also for successful production of the recombinant
protein throughout the expression, folding and purification steps.
Although "artificial" fusion proteins are created through linkers by this
approach, probably each antigen incorporated in the multistrain poly-
peptide very closely mimics its native state, against which most likely
the antibodies in the infected animals have been raised. The conse-
quence of this assumption is that it might also contribute to higher af-
finity in the immunoassay with respect to other tests based on antigens
of randomly-chosen fragments and small peptides.

It is notable that the TM exodomain contains an immunodominant
epitope in the loop region. This epitope is common to all lentiviruses
(Saman et al., 1999) and comprises a sequence of few amino acids be-
tween two conserved cysteine residues that are engaged in a disulfide
bond. In fact, the propensity of this region to be a good epitope much
depends on the conformational restriction imposed by the disulfide bond
as shown by Saman et al., who used a cyclized oxidized peptide bound to
the streptavidin in their indirect ELISA test as TM derived antigen. Our
goal was to have as many epitopes as possible in the TM antigen and a
folded conformation for the immunodominant epitope described above.
The results show that very likely the TM_1_2 polypeptide has a folded
structure in the loop regions due to the favourable intramolecular in-
teractions between the four a-helices (two helix-loop-helix motifs) pre-
dicted in the model, thus retaining the immunogenic properties in the
region between the two cysteines without any need of chemical oxida-
tion of the polypeptide.

In this study we have applied the rational bioinformatic approach
described above to define a set of antigens useful for SRLV serodiag-
nostics. We expressed a multistrain polypeptide related to the P25
(P25_2_3frag) with two partial sequences fused, derived from two
different strains. A second multistrain polypeptide related to the trans-
membrane protein (gp46) (TM_1_2) was also expressed. In this case the
sequences of the exodomain region of two TM proteins of two different
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strains were used. The P25_2_3frag was obtained in scarce quantity due
to difficulties with purification and not used in further applications. On
the contrary, TM_1_2 was useful to develop an ELISA test together with
the P25_1 protein and the P25_2frag polypeptide. This ELISA test gave
promising results when compared with two commercial ELISA kits and
PCR for SRLV detection.

Due to the quasispecies nature of the SRLV it has been reported in the
more recent literature that ELISA tests based on proteins/(poly)peptides
derived from a single strain are less effective in the diagnosis (Grego
et al., 2002) even if previous reports on single strain-based tests claimed
high sensitivity and specificity (Saman et al., 1999). It is now widely
accepted that multistrain- multiprotein tests result in better diagnostic
performances, and thus proteins/ (poly) peptides derived from different
genotypes have been used. However, it is not known how the set of
antigens used so far in each specific test is representative with respect to
the whole mutant spectra of the SRLV quasispecies. The combination of
three different ELISAs and a PCR-based molecular test in a
multi-platform approach has been recently used in order to increase the
diagnostic efficiency (Ramirez et al., 2021; Echeverria et al., 2020).
Using a threshold higher than 90 % would result in an increased number
of representative sequences that, when mixed, might compete for ab-
sorption leading to a non-optimal amount of each protein attached to the
wells. Therefore, it would be better to split them between different
single tests. We believe that having too many proteins in a single test
would be problematic even using chimeras. Therefore, as future devel-
opment the design of multiple sets of antigens and their application in a
number of different indirect ELISA to be performed in parallel, could be
advantageously used in a multi-platform approach to better cover the
antigenic heterogeneity of the SRLV.

We believe that our approach, based on multistrain polypeptides of
representative sequences derived using clustering procedures combined
with biostructural studies and gene synthesis, is at least a systematic
procedure to select a set of better representative antigens of SRLV viral
quasispecies.

Over the past two decades Immunoinformatics (a science that helps
to create significant immunological information using bioinformatics
softwares and applications) (Tomar and De, 2014; De Groot et al., 2020)
has been applied to design suitable antigens for human and veterinary
vaccine development. However, application of bioinformatic and bio-
structural tools to design antigens for veterinary immunoassays are quite
a few. In our opinion the veterinary diagnostic sector could benefit from
these in silico analyses.
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