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A B S T R A C T

Mycobacterium tuberculosis (Mtb) adhesin proteins are promising candidates for subunit vaccine
design. Multi-epitope Mtb vaccine and diagnostic candidates were designed using immu-
noinformatic tools. The antigenic potential of 26 adhesin proteins were determined using VaxiJen
2.0. The truncated heat shock protein 70 (tnHSP70), 19 kDa antigen lipoprotein (lpqH), Mtb curli
pili (MTP), and Phosphate transport protein S1 (PstS1) were selected based on the number of
known epitopes on the Immune Epitope Database (IEDB). B- and T-cell epitopes were identified
using BepiPred2.0, ABCpred, SVMTriP, and IEDB, respectively. Population coverage was analysed
using prominent South African specific alleles on the IEDB. The allergenicity, physicochemical
characteristics and tertiary structure of the tri-fusion proteins were determined. The in silico
immune simulation was performed using C-ImmSim. Three truncated sequences, with predicted B
and T cell epitopes, and without allergenicity or signal peptides were linked by three glycine-
serine residues, resulting in the stable, hydrophilic molecules, tnlpqH-tnPstS1-tnHSP70 (64,86
kDa) and tnMTP-tnPstS1-tnHSP70 (63,96 kDa). Restriction endonuclease recognition sequences
incorporated at the N- and C-terminal ends of each construct, facilitated virtual cloning using
Snapgene, into pGEX6P-1, resulting in novel, highly immunogenic vaccine candidates
(0,912–0,985). Future studies will involve the cloning, recombinant protein expression and pu-
rification of these constructs for downstream applications.

1. Introduction

Despite the past coronavirus pandemic, tuberculosis (TB) remains a global epidemic [1]. An estimated 10,6 million people were
infected with TB in the year 2021 whilst a further±1,5 million people lost their lives to this dreaded disease [2]. Africa accounts for 23
% of the global TB infections, with South Africa listed as a high-burden TB country. Despite the availability of an array of first- and
second-line anti-TB drugs, the escalating drug resistance and the lack of rapid, accurate point of care diagnostic tests and effective
vaccines have resulted in high disease burden [3,4].

Although TB has been present for centuries, only one vaccine, the Bacillus-Calmette Guerin (BCG) vaccine, which was initially
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administered in 1921, remains approved for the prevention of this disease [5]. The BCG is an attenuated derivative of Mycobacterium
bovis, in which the RD1 region was deleted [6]. The use of BCG in developing countries with a high prevalence of TB is strongly
encouraged, despite its short-lived protection. BCG provides protection against adolescent, but not adult, pulmonary TB (pTB), as
exposure to environmental mycobacteria renders the vaccine ineffective in the latter. Since inception, six strains of the BCG vaccine
with phenotypic variations have been produced, that could potentially account for the variable protection observed in some population
groups [7].

The temporary protection offered by the BCG and the potential risk of it becoming virulent, has created the need for a new and
improved TB vaccine candidate that is effective on all age groups and populations [8]. Three approaches can be taken during vaccine
development [9–12]: 1) an improvement of the current version of BCG vaccine which is safe and long-lasting; 2) a prime-boost strategy
wherein the viral vectored or protein adjuvant is administered at a later stage as a booster dose; 3) immunotherapeutic vaccines which
reduce the duration of TB therapy. The WHO prioritized the new vaccine candidates based on two strategies: 1) safe, effective, and
affordable TB vaccine for adolescents and adults; 2) a vaccine for neonates and infants with improved safety and efficacy in comparison
to the BCG [13]. Presently, the vaccine pipeline has approximately 29 new TB vaccine candidates in various phases of trials. Only six of
these are in phase III, including three live attenuated mycobacterial vaccines: BCG travel vaccine MTBVAC and the VPM1002; one
protein adjuvant vaccine: GamTBvac; and one inactivated mycobacterial vaccine: Immunvac (MIP) [14–16]. These trials attempt to
measure either the prevention of infection (POI) against Mtb, or prevention of acquiring TB disease (POD), or prevention of recurrent
(POR) TB disease. Vaccine candidates can be divided into whole cell vaccines and subunit vaccines [11]. Whole cell vaccines include
live mycobacterial vaccines derived from live attenuated Mtb strains, M. bovis BCG or recombinant BCG and killed mycobacterial
vaccines that could be formulated from other saprophytic mycobacterial species or Mtb [17]. Subunit vaccines contain Mtb antigens
expressed as recombinant proteins formulated with different adjuvants [18]. These proteins are expressed by recombinant vectors that
are used as vehicles for the administration of antigens. There are currently 9 subunit vaccine candidates with only one (GamTBvac) in
the final phase.

Mycobacterium tuberculosis has distinct phases of growth whichmay be associated with active mycobacterial replication, persistence
and dormancy [19]. Biomarkers are measurable indicators of the state of disease progression. Adhesin proteins (Table 1) display
biomarker potential as they may be associated with active bacterial replication [20–22]. Subunit vaccines comprising Mtb proteins are
lucrative candidates for vaccine design [23,24]. Adhesin proteins such as those belonging to the ESX-1 secretion system (Esx) and
antigen 85 (Ag85) family, culture filtrate protein 10 (CFP-10) and heparin-binding hemagglutinin adhesin (HBHA) are highly
immunogenic and have previously displayed protection in animal models [25,26]. Protection against TB requires a cell-mediated
immune response which involves multiple components such as cluster of differentiation 4 and 8 (CD4+ and CD8+) T cells [27]. A
multi-stage TB vaccine which comprises a fusion of adhesin proteins which are known to elicit an immune response during the various
stages of TB is crucial to the control of the disease. Therefore, the selection of the adhesin protein within the fusion construct is critical.
Adhesin proteins involved in the generation of an immune response during the early stages of TB infection are pivotal for the pre-
vention and establishment of disease and should therefore be highly favoured in the design of a fusion construct [28].

2. Methodology

2.1. Mycobacterium tuberculosis adhesin protein sequences

A list of 26 Mtb adhesin proteins (Table 1) were identified in a review by Ramsugit et al. (2016) [22]. All information pertaining to
the adhesin proteins were obtained from the Tuberculist GenoList Pasteur Database (http://genolist.pasteur.fr/TubercuList/). This

Table 1
Potential Mycobacterium tuberculosis adhesins proteins analysed for incorporation into the fusion construct [22].

Adhesin Rv Number Host Receptor Reference

Alanine proline-rich antigen (Apa) Rv1860 Macrophages [29]
19-kDa Antigen (lpqH) Rv3763 Monocytes and macrophages [30]
Antigen 85 complex (Ag85) Rv0129c, Rv1886c, Fibronectin and elastin [31]

Rv3803c, and Rv3804c
Cpn60.2 molecular chaperone (Cpn60.2) Rv0440 CD43 on Macrophages [32]
Curli pili (MTP) Rv3312A Laminin, macrophages and epithelial cells [33]
Early secreted antigen (ESAT-6) Rv3874/Rv3875 Laminin [34]
Glutamine synthetase A1 Rv2220 Fibronectin [35]
Glyceraldehyde-3phosphate dehydrogenase (GAPDH) Rv1436 Fibronectin [36]
Heparin-binding hemagglutinin adhesin (HBHA) Rv0475 Epithelial cells [37]
L,D-transpeptidase Rv0309 Fibronectin and laminin [38]
Malate synthase (MS) Rv1837c Fibronectin, laminin, and epithelial cells [39]
Membrane protein Rv2599 Collagen, fibronectin and laminin [38]
Molecular chaperone DnaK (HSP70) Rv0350 Macrophages [32]
Mycobacterium cell entry-1 protein Rv0169 Epithelial cells [40]
N-acetylmuromoyl-L-alanine amidase Rv3717 Fibronectin and laminin [38]
PE-PGRS proteins Rv1759c, Rv1818c Fibronectin and macrophages [41]
PstS-1 (38-kDa antigen) Rv0934 Macrophages [30]
Type IV pili Rv3654c-Rv3660c Macrophage and epithelial cells [42]
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includes protein and DNA sequence, gene and protein size, location, Rv number and function.

2.2. Determination of vaccine potential of adhesin proteins

The protein sequences of each of the adhesins were input onto the VaxiJen 2.0 online tool (http://www.ddg-pharmfac.net/vaxijen/
VaxiJen/VaxiJen.html) [43]. This tool provides the antigenic potential of each sequence which is identified as a probable antigen if the
bacterial threshold of 0.4 is exceeded. This tool was used to rank the 26 Mtb adhesin proteins.

2.3. Identification of the number of epitopes on adhesin proteins

The top ten ranked adhesin proteins mostly likely to generate an immune response were analysed on the Immune Epitope Database
(IEDB) (https://www.iedb.org), an online tool used to enumerate and identify the epitope regions present on the protein [44]. The
following filters were applied: organism: Mycobacterium tuberculosis (ID:1773); Antigen name; include Positive assays; Host: Homo
sapiens (human); Disease data: infectious disease.

A literature search was conducted on adhesin proteins which displayed multiple epitope regions as identified by the IEDB, to aid in
the selection of the proteins for the fusion molecule. Adhesins which induced cytokine and antibody responses detected in patient sera,
were selected for further analysis. These included Mycobacterium tuberculosis curli pili (MTP); Phosphate-specific transporter protein
PstS 1 (PstS1); 19 kDa Lipoprotein (lpqH) and Heat-shock protein 70 (HSP70). For the purposes of this study, the truncated HSP70
protein (tnHSP70), amino acids 359–610, was used for further analysis owing to its adjuvant properties.

2.4. Prediction of B-cell epitopes on protein sequences

B-cells are involved in the neutralization of pathogenic molecules using specific secreted or surfaced expressed receptors. Several
online tools were explored to identify B-cell epitopes within the protein sequences of the selected adhesins. These include BepiPred2.0
(https://services.healthtech.dtu.dk/service.php?BepiPred-2.0), ABCpred server (https://webs.iiitd.edu.in/raghava/abcpred/ABC_
submission.html) and SVMTriP (http://sysbio.unl.edu/SVMTriP/prediction.php). BepiPred2.0 uses a random forest algorithm
trained on new epitopes annotated from antibody-antigen protein structures [45]. The ABCpred server is based on recurrent
machine-based techniques using fixed length patterns to predict B-cell epitopes on an antigenic sequence [46]. The SVMTriP tool
employs super vector machine (SVM) in combination with tri-peptide similarity and propensity scores (SVMTriP) to better predict
linear epitope regions [47].

2.5. Prediction of signal peptides within protein sequence

The SignalP 6.0 server (https://services.healthtech.dtu.dk/service.php?SignalP) was used to identify the presence of signal pep-
tides on the protein sequences [48]. The server is able to predict the five types of signal peptides and their cleavage locations.

2.6. Prediction of T-cell epitopes

The Mtb adhesin proteins, tnHSP70, lpqH, MTP and PstS1 protein sequences lacking the signal peptide sequence were subjected to
the MHCI and MHCII epitope prediction using the IEDB (http://tools.iedb.org/mhci/and http://tools.iedb.org/mhcii/) [49]. For the
prediction of the MHC I binding sites, 54 HLA-A, HLA-B and HLA-C reference alleles were selected [50]. For the prediction of the MHC
II binding sites, the reference set of 7 HLA-DR alleles (HLA-DRB1*03:01, HLA-DRB1*07:01, HLA-DRB1*15:01, HLA-DRB3*01:01,
HLA-DRB3*02:02, HLA-DRB4*01:01, HLA-DRB5*03:01) with a default length of 15-mer were selected [51,52].

2.7. Population coverage for MCH class I and II alleles

The population coverage for MHC I andMHC II Mtb adhesin protein epitopes were determined using the IEDB analysis resource tool
(http://tools.iedb.org/population/) [49]. A combination of MHCI and MHCII alleles which are prominent to the South African pop-
ulation were selected [53]. These include HLA-A*30:01, HLA-A*02:01, HLA-A*30:01, HLA-B*42:01, HLA-B*58:01, HLA-B*58:02,
HLA-B*15:01, HLA-B*58:01, HLA-B*58:02, HLA-C*06:02, HLA-DPB1*13:01, HLA-DQB1*06:01, HLA-DRB1*11:01,
HLA-DRB1*13:01, HLA-A*01:01, HLA-A*02:01, HLA-B*07:02, HLA-C*07:01, HLA-C*07:02, HLA-DRB1*03:01.

2.8. Prediction of allergenicity of protein sequences

The potential of the selected proteins to cause an allergic response was determined using AlgPred (https://webs.iiitd.edu.in/
raghava/algpred/submission.html) [54] and AllerTop Pro 2.0 https://www.ddg-pharmfac.net/AllerTOP/feedback.py) [55].

2.9. Prediction of secondary and tertiary structure, and physicochemical characteristics of fusion proteins

The ProtParam server was used to predict the physicochemical characteristics of the tri-fusion proteins (https://web.expasy.org/
cgi-bin/protparam/protparam) [56]. The parameters evaluated included the number of amino acids, molecular weight, theoretical
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isoelectric point (pI), extinction coefficient, estimated half-life in vitro and in vivo, instability index, aliphatic index and Grand average
of hydropathicity (GRAVY).

The D-I-TASSER (Deep learning-based Iterative Threading ASSEmbly Refinement) online tool (https://zhanggroup.org/D-I-
TASSER/), an extension of the I-TASSER, was used to predict the tertiary structure and function of the tri-fusion protein based on
the submission of the amino acid sequence whilst utilizing deep convolutional neural-network based distance-map predictions guiding
the fragment assembly simulations of the I-TASSER [57,58]. In addition, the server provides an estimated accuracy of the predicted
models including TM-score. The tool also predicts the secondary structure, solvent accessibility, enzyme classification and
ligand-binding sites.

2.10. Refinement and validation of predicted tertiary structures

The first model of each trifusion protein construct predicted by the D-I-TASSER server was subjected to refinement using the web-
based Galaxy Refine server (https://galaxy.seoklab.org) [59]. The first refined model generated was validated on the SAVESv6.0
server (https://saves.mbi.ucla.edu/) using the PROCHECK, ERRAT and Ramachandran verification tools.

2.11. In silico immune simulation

To characterize the immune response induced by the tri-fusion protein vaccine candidates, in silico immune simulation was
performed using the C-ImmSim server (https://kraken.iac.rm.cnr.it/C-IMMSIM/) [60]. The server predicts immune interactions using
position-specific scoring matrices derived from machine learning techniques for peptide prediction. It concurrently simulates three
compartments representing three separate anatomical regions found in mammals: (i) the bone marrow, where hematopoietic stem
cells were simulated to produce new lymphocytes and myeloid cells; (ii) the thymus, where naive T cells were selected to avoid
autoimmunity; and (iii) the lymphatic organ such as lymph nodes. Generally, 2–3 doses within four week interval is recommended for
most vaccines. Hence, three doses of 1000 vaccine units without lipopolysaccharide (LPS) were tested over four weeks in the immune
simulation of these candidates. The parameters were as follows: three injections at time-step 1, 84, and 168, respectively; random seed:
12345; simulation volume of 10 and 1000 simulation steps [61].

2.12. In silico cloning of the tri-fusion proteins

Sequences were designed to incorporate BamH1 and Xho1 and EcoR1 and Xho1 restriction endonuclease recognition sequences at
the N- and C-terminal ends of tri-fusion constructs tnlpqH-tnPstS1-tnHSP70 and tnMTP-tnPstS1-tnHSP70, respectively. This enables

Table 2
Ranking of adhesin protein according to vaccine potential using VaxiJen and their corresponding number of epitopes listed on The Immune Epitope
Database (IEDB)

Rank Adhesin Protein Accession No. Probability of Antigen (VaxiJen) No. of epitopes (IEDB)

1 Wag22_ PE_PGRS Rv1759c 2,0053 No data
2 PE-PGRS33 Rv1818c 1,6972 No data
3 19 kDa Antigen Rv3763 1,15 14
4 mtp Rv3312A 0,7609 No data
5 PstS-1 Rv0934 0,7312 48
6 DnaK/Hsp70 Rv0350 0,6417 69
7 N-acetylmuromoyl-L-alanine amidase Rv3717 0,6327 No data
8 HupB Rv2986c 0,6089 No data
9 HBHA Rv0475 0,5986 3
10 Type IV pili Rv3655c 0,5914 No data
11 Membrane protein Rv2599 0,5883 –
12 Ag85B Rv1886c 0,5842 –
13 Type IV pili Rv3654c 0,5748 –
14 MCE1A Rv0169 0,5666 –
15 Protein Kinase D Rv0931c 0,5634 –
16 ESAT-6 Rv3875 0,5577 –
17 Cpn60,2 Rv0440 0,5421 –
18 Ag85A Rv3804c 0,5259 –
19 Apa Rv1860 0,5233 –
20 GlnA1 Rv2220 0,5087 –
21 L,D Transpeptidase Rv0309 0,5044 –
22 Ag85C Rv0129c 0,4795 –
23 MPT51/Ag85C Rv3803c 0,4515 –
24 GAPDH Rv1436 0,4123 –
25 Type IV pili Rv3656c 0,3738 –
26 Malate Synthase Rv1837c 0,3676 –

N.B: (-)Denotes that this adhesin protein was not investigated for this study and therefore data (if available) was not obtained.
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cloning into the pGEX6P-1 vector via the BamH1 and Xho1 and EcoR1 and Xho1 restriction sites using the Snapgene software tool.

3. Results

3.1. Determination of vaccine potential and the identification of number of epitopes on adhesin proteins

The known Mtb adhesin proteins were ranked according to the vaccine potential using the VaxiJen online tool (Table 2). The
VaxiJen tool identified any sequence that exceeds the threshold of 0.4 as a probable antigen. Of the 26 adhesin proteins
(0,3676–2,0053), the top ten (0,5914–2,0053) were selected for further evaluation. The IEDB was used to identify the presence of
epitope regions within the top ten adhesin protein sequences. Only four adhesin proteins: 19 kDa antigen lipoprotein (lpqH), Phos-
phate transport protein S 1 (PstS1), Heat-shock protein 70 (dnaK/HSP70) and the heparin-binding hemagglutinin (HBHA) adhesin
protein, returned results with identified epitope regions. The lpqH, PstS1 and HSP70 adhesin proteins were selected for further
analysis. The MTP adhesin protein which did not display any identified epitopes on the IEDB, but was selected since previous studies
[42,62,63] on this protein displayed promising results as a diagnostic biomarker and was detected in patient serum samples indicating
that it was capable of inducing an immune response. The C-terminal region of the HSP70 possesses natural adjuvant properties
[64–67]. In addition, heat shock proteins such as HSP70 act as molecular chaperones aiding in the protein folding process which could
prove beneficial when fused to other proteins [68]. Therefore, the tnHSP70 was utilized in the construction of the tri-fusion proteins in
this study.

3.2. Prediction of B-cell epitopes on protein sequences

The sequences of the four selected adhesin proteins; tnHSP70, lpqH, MTP and PstS1 were further investigated for the presence of
other B-cell epitope regions using online immunoinformatic tools. Fig. S1 displays the epitope regions identified for each of the adhesin
proteins using the BepiPred 2.0 Tool. Any amino acid sequence exceeding the threshold of 0.5 was considered an epitope. The
structural predictions of these epitope regions including their accessibility are noted based on the intensity of the gradients. Most of the
epitopes on these proteins can be located on the coil and are exposed. The tnHSP70 adhesin protein contains three regions of
continuous B-cell epitopes which are predominantly located on the coil region and are mostly buried. The lpqH protein contains five
regions of continuous B-cell epitopes which are predominantly exposed on the coil, whilst few epitopes are located on the sheet and are
buried. TheMTP protein contains three regions of continuous B-cell epitopes, all of which are located on the coil and are either exposed
or buried. Approximately 10 continuous B-cell epitope regions are located on the PstS1 protein with the majority being located on the
coil where they are exposed, whilst other epitopes can be found on both the helix and sheet and are either buried or exposed.

The adhesin proteins were also subjected to other immunoinformatic tools such as the SvM TRiP and ABCpred to further identify B-
cell epitopes which are displayed in Table 3. In addition to new epitope sequences, common regions were located among each of the
sequences with the different tools used. The epitope regions identified by these tools were selected for the design of the tri-fusion
protein constructs for use as a multi-epitope vaccine candidate and diagnostic biomarker. A continuous sequence encompassing all
the epitopes was selected for ease of cloning rather than random epitope regions (Table S1). Two tri-fusion protein constructs were
designed to contain truncated (tn) regions of each protein; tnlpqH-tnPstS1-tnHSP70 (tnLPH) and tnMTP-tnPstS1-tnHSP70 (tnMPH)
(Fig. 1).

3.3. Prediction of signal peptides within protein sequence

The presence of signal peptides on proteins presents issues with downstream applications especially when attempting to clone the
gene into another host [69]. The SignalP 6.0 online tool was used to identify the presence of these peptide regions within the selected
adhesin proteins. All three proteins contained a signal peptide (Fig. 2). The tnHSP70 protein did not contain any signal peptide se-
quences (Fig. 2D). Both the lpqH and PstS1 adhesin proteins contain a lipoprotein signal peptide (Sec/SPII) with a probability of 1. The
cleavage sites can be located between positions 21 and 22 of the lpqH adhesin protein (Fig. 3A) and at positions 23 and 24 on the PstS1
adhesin protein (Fig. 2C). TheMTP protein contains a signal peptide (Sec/SPI) with a probability of 0.9979 with a cleavage site located
between positions 31 and 32 (Fig. 2B). For the design of the tri-fusion protein construct, these sequences were excluded and their
truncated sequences were used for further analysis (tnlpqH, tnMTP and tnPstS1).

3.4. Prediction of T-cell epitopes within protein sequence

T cells are able to recognize epitopes that are presented by the major histocompatibility molecules (MHC) which are either
expressed on the surfaces of nucleated cells or on the surfaces of specialized antigen-presenting cells (APCs) [70]. The IEDB tool was
used to determine the T cell epitopes present on each of the adhesin protein sequences. Table 4 displays the epitopes sequences binding
to either MHC I or MHC II. These epitope regions were included in the trifusion protein construct sequences displayed on Table S1.

3.5. Population coverage for MCH class I and II alleles

The IEDB population coverage tool was used to investigate the population coverage of a combination of classes of the trifusion
protein constructs using the alleles prominent to the South African population. This predicted a population of 91,81 % for both tnLPH
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Table 3
Prediction of B-cell epitopes on the lpqH, MTP and PstS1 adhesin proteins using various immunoinformatic tools.

B Cell Epitope Prediction Tool Predicted Epitope Sequence for each Protein and Score (if available)

tnHSP70 lpqH MTP PstS1

BepiPred EVKDVLLLDVTPLSLGIETKGGVMTRLIERN
TTIPTKRSETFTTADDNQPSVQIQVYQGEREI
AAHNKLLGSF

SSNKSTTGSGETTTAAGTTASPGAASG AAQTAPVPDY GASDAYLSEGDMAAHK
GKDQNVT AWGPNWDPYTCHDDFHRDSDGPDHSRDYPGP MNIALAISAQQVNYNLPGVSEHLKLNGKVLAA
DGNPPEVKSVGLGNVN GPVLDDPGAAPPPPAAG IKTWDDPQIAALNPGVNL

QIEVTFDIDANGIVHVTAKDKGTGKENTIRIQE
GSGLSKEDIDRMIKDAEAHAEEDRKRREEA
DVRNQAETLVYQ

YTSGTGQGNASATK  SKQDPEGWGKSPGFGTTVDFPAVPGALGENGNGG
GVDMANPMSPVNKS  QASQRGL
  SSGNFLLP

KEQREAEGGSKVPEDTLNKVDAAVAEAKA
ALGGSDISAIKSAMEKLGQESQALGQAIYEAA
QAASQATGAAHPGGEPGGAHP

  FASKTPANQAISMIDGPAPD
  NRQKDAATAQ
  SFLD
  HFQP

ABCpred EAHAEEDRKRREEADV (0.91) VTGSVVCTTAAGNVNAIGGA (0.83) YYWCPGQPFDPAWGP (0.94) DFPAVPGALGENGNGGMVTG (0.86)
RGIPQIEVTFDIDANG (0.90) TTASPGAASGPKVVIDGKDQ (0.82) QSAAQTAPVPDYYWCP (0.93) LHRSDGSGDTFLFTQYLSKQ (0.85)
TKRSETFTTADDNQPS (0.86) TGIAAVLTDGNPPEVKSVGL (0.81) HRDSDGPDHSRDYPGP (0.91) LSEGDMAAHKGLMNIALAIS (0.82)
AHPGGEPGGAHPGSAD(0.86) GSGETTTAAGTTASPGAASG (0.80) GPILEGPVLDDPGAAP (0.87) IINYEYAIVNNRQKDAATAQ (0.81)
KGGVMTRLIERNTTIP (0.86) KVVIDGKDQNVTGSVVCTTA(0.80) AACILATGVAGLGVGA (0.85) LGNSSGNFLLPDAQSIQAAA (0.81)
DRMIKDAEAHAEEDRK (0.86) TLGYTSGTGQGNASATKDGS (0.79) GPNWDPYTCHDDFHRD (0.83) YIGISFLDQASQRGLGEAQL (0.81)
GLSKEDIDRMIKDAE (0.83) TGQGNASATKDGSHYKITGT (0,76) DDPGAAPPPPAAGGGA (0.82) NGNGGMVTGCAETPGCVAYI (0.81)
KVPEDTLNKVDAAVAE (0.82) AAGNVNAIGGAATGIAAVLT (0,74) PDHSRDYPGPILEGPV (0.82) EHLKLNGKVLAAMYQGTIKT (0.80)

GNPPEVKSVGLGNVNGVTLG (0.55) TGVAGLGVGAQSAAQT (0.73) GCAETPGCVAYIGISFLDQA (0.79)
ABCpred FELTGIPPAPRGIPQI (0.80)  RFACRTLMLAACILAT (0.54) QIAALNPGVNLPGTAVVPLH (0.78)

EAEGGSKVPEDTLNKV (0.80)   NYNLPGVSEHLKLNGKVLAA (0.78)
IERNTTIPTKRSETFT (0.79)   LHWAITDGNKASFLDQVHFQ (0.78)
GQAIYEAAQAASQATG (0.79)   AGFASKTPANQAISMIDGPA (0.77)
GQESQALGQAIYEAAQ (0.78)   LPGTAVVPLHRSDGSGDTFL (0.76)
SLGIETKGGVMTRLIE (0.78)   GTIKTWDDPQIAALNPGVNL (0.76)
TFDIDANGIVHVTAKD (0.77)   FLFTQYLSKQDPEGWGKSPG (0.74)
HVTAKDKGTGKENTIR (0.77)   VNNRQKDAATAQTLQAFLHW (0.72)
QAASQATGAAHPGGEP (0.75)   PDAQSIQAAAAGFASKTPAN (0.72)
GSDISAIKSAMEKLGQ (0.74)   QASQRGLGEAQLGNSSGNFL (0.72)
RKRREEADVRNQAETL (0.71)   DGPAPDGYPIINYEYAIVNN (0.68)
SVQIQVYQGEREIAAH (0.69)   LMNIALAISAQQVNYNLPGV (0.67)
SAMEKLGQESQALGQA (0.68)   QDPEGWGKSPGFGTTVDFPA (0.66)
FTTADDNQPSVQIQVY (0.67)   KVLAAMYQGTIKTWDDPQIA (0.61)
ETLVYQTEKFVKEQRE (0.65)   
YQGEREIAAHNKLLGS (0.63)   

SVM TRiP HAEEDRKRREEADVRNQAET (1.000) SGETTTAAGTTASPGAASGP (1.00)  DMAAHKGLMNIALAISAQQV (1.000)
DISAIKSAMEKLGQESQALG (0.563) DGKDQNVTGSVVCTTAAGNV (0.998)  PLHRSDGSGDTFLFTQYLSK (0.998)
IAAHNKLLGSFELTGIPPAP (0.435) DGNPPEVKSVGLGNVNGVTL (0.997)  SQRGLGEAQLGNSSGNFLLP (0.990)
AEGGSKVPEDTLNKVDAAVA (0.353)   LPGVSEHLKLNGKVLAAMYQ (0.351)
DIDANGIVHVTAKDKGTGKE (0.353)   QAAAAGFASKTPANQAISMI (0.294)
QAIYEAAQAASQATGAAHPG (0.203)   
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and tnMPHwith an average number of epitope hits of 1,98. Using the same alleles, a world population coverage was also performed for
a combination of both the classes. Both tnLPH and tnMPH displayed a coverage of 90,95 % with an average number of epitope hits of
1,97.

3.6. Prediction of allergenicity of protein sequences

Two online tools were used to determine if the truncated epitope regions of the selected adhesin proteins could induce an allergic
response in the host. Allergenicity is the ability of the antigens to induce an abnormal immune response. The allergenicity results of the
truncated proteins are listed in Table S2. All the truncated regions of the adhesin protein and the tri-fusion constructs, tnLPH and
tnMPH, do not contain any experimental Immunoglobulin E (IgE) epitopes. The IgE is an allergen-specific antibody. The Motif
Alignment and Search Tool (MAST) tool searches biological sequence databases for the sequences that contain one or more of a group
of known motifs [54]. According to the output, all proteins are non-allergens since there were no matches to any motifs. The Support
Vector Machine (SVM) can detect allergens based on either the amino acid sequence or the dipeptide composition of the protein. Based
on amino acid composition, both the tri-fusion protein constructs and the tnlpqH, tnPstS1 proteins were identified as probable al-
lergens whilst the tnMTP and tnHSP70 were identified as an allergen and potential allergen, respectively. Using the dipeptide
composition, tnlpqH, tnPstS1 and tnLPHwere identified as potential allergens, whereas the tnMTPwas identified as a non-allergen and
the tnHSP70 and tnMPH tri-fusion construct were identified as allergens. The BLAST results indicated that all individual truncated
proteins were non-allergens, whereas a sequence present in the tri-fusion protein constructs was identified as an allergen. According to
the hybrid approach, which considers the results from each of the preceding methods, all proteins were non-allergens. The AllerTop 2.0
online tool which is based on the amino acid composition of the protein and its structure-activity relationships (QSAR), identified all
proteins as probable non-allergens, except tnMTP which was identified as a probable allergen.

3.7. Prediction of secondary and tertiary structure of fusion protein and its physicochemical characteristics

The physicochemical characteristics such as the amino acid composition, theoretical pI, protein half-life, aliphatic and instability
index and the grand average of hydropathicity (GRAVY) of each of the tri-fusion proteins, determined by the ProtParam ExPasy tool,
are displayed in Table 5. The instability index of both protein constructs was below 40 whilst the GRAVY index of the tri-fusion protein
was calculated to be − 0.29 and-0.406 for tnLPH and tnMPH, respectively.

The tertiary structure of tnLPH and tnMPH was predicted by the D-I-TASSER server and 5 models with TM-scores were obtained. A
template modelling score (TM-score) is between 0 and 1 and is proportional to the relation of the prediction. Fig. 3A and B displays the
first model of each of the trifusion proteins which displayed the highest TM-score. Model 1 of tnLPH had a TM-score of 0.65
(0.48–0.65) and the first model of tnMPH had a TM-score 0.51 (0.49–0.51).

3.8. Tertiary structure refinement and validation

The first model of the D-I-TASSER prediction was subjected to refinement and 5 models were generated by the Galaxy Refine server
with the first model being highly favoured (Fig. 3C & D). Each model displays scores for the global distance test (GDT-HA), root mean
square deviation (RMSD), MolProbity, Clash Score, Poor rotamers and Rama favoured score (Figs. S2A and B) . In comparison to the
initial model of the tnLPH, the selected refined model displayed a reduced MolProbity (from 3.262 to 2.424) and Clash score
(100.2–22.0) with an increased Rama favourability (74.8–91.5) and presence of poor rotamers (0–1.3). The selected refined tnMPH
model displayed a reduced MolProbity (3.068–2.135) and Clash score (65.9–15.8) and an increased Rama favourability (76.4–93.3)
and presence of poor rotamers (0–0.7). Both models displayed a GDT-HA (0.9367–0.9404) and RMSD (0.461–0.498) score indicating
that the refined models closely resembled the native trifusion models.

The refinedmodels were then subjected to validation on the SAVESv6.0 server. The ERRAT data suggests good overall quality of the
refined models. The Ramachandran plot, generated by the PROCHECK programme, graphically displays the energetically allowed and
forbidden regions for the dihedral angles. The tnLPH has 87,7% of residues in the favoured regions; 10% in the additional allowed
regions, 0.8% in the generously allowed regions; and 1.4% in the disallowed regions. The tnMPH has 89.1% of residues in the favoured
regions; 8.5 % in the additional allowed regions, 1 % in the generously allowed regions; and 1.4% in the disallowed regions.

3.9. In silico immune simulation

The in silico immune simulation indicated that both tri-fusion protein candidates were able to elicit an immune response. This was
characterized by the heightened immunoglobulin M (IgM) and immunoglobulin G (IgG) concentration in response to the antigen when
injected at all three timepoints (Fig. 4A and B). Furthermore, the antigen was depleted whilst the IgG concentration was maintained
over a prolonged period, indicating that the immune system was able to eradicate the antigen from the system. In addition, there was
an increase in natural killer (NK) cells, dendritic cell (DC), macrophages (MA) and epithelial cells (EP) (Figs. S3 and S4: I, J, K and L).
Three peaks corresponding to the timepoint of injections were observed in B- cell population and T-helper (TH) population (Figs. S3
and S4:A and D). The cytokine profile induced by the immunization of tnLPH and tnMPH were analysed (Fig. 4C and D). Both can-
didates generated high levels of interferon gamma (IFN-g), transforming growth factor beta (TGF-b), interleukin-10 (IL-10) and
interleukin-12 (IL-12) where three peaks were observed. The D levels remained low indicating that these candidates did not pose a
danger to the immune system [60].
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3.10. In silico cloning of the tri-fusion proteins

Fig. 1 displays the order in which the trifusion protein constructs will be arranged. The DNA sequences of each of the selected
proteins are highlighted in Table S1. Restriction endonucleases were included onto the N- and C-terminal ends of tri-fusion constructs
tnlpqH-tnPstS1-tnHSP70 and tnMTP-tnPstS1-tnHSP70, respectively. Fig. 5 displays the recombinant vector map of the trifusion
protein constructs, tnLPH and tnMPH, respectively. The Snapgene tool was further used to confirm that the incorporation of the re-
striction sites on the proposed protein constructs did not alter the reading frame. In addition, the PreScission Protease site remained
intact which could be later be exploited for the cleavage of the glutathione-S-transferase (GST) tag.

4. Discussion

Diagnostic tests that are based on multiple, instead of a single antigen, have demonstrated improved sensitivity [71–74]. Re-
combinant subunit proteins constructed from many TB antigens have become suitable vaccine candidates owing to their potent im-
mune response [75–79]. The epitope regions present on an antigen are responsible for the interaction with the host cells, triggering an
immune response [80]. The removal of non-epitope regions from an antigen and the fusion of several epitope regions from the same, or
different antigens, may greatly enhance the sensitivity of a diagnostic assay [81]. In addition, the fused epitopes may stimulate a
heightened protection owing to the accessibility of these regions for the interaction with immune cells [64]. Adhesin proteins known to
elicit an immune response are suitable candidates for the design of a multi-epitope fusion construct [82,83]. In silico and in vivo studies
have demonstrated that the Heparin-binding hemagglutinin adhesin (HBHA) and the Antigen 85 Complex are well-studied adhesin
proteins that have shown great potential as both diagnostic and vaccine candidates [84–89]. An immunodiagnostic test containing the
Mtb HBHA induced interferon-gamma-release assay (IGRA) differentiated between active TB infection and latent TB infection but with
reduced sensitivities in HIV infected patients [89]. A mucosal vaccine containing the fusion of Ag85B-Acr-HBHA which is absorbed on
the surface of the inactivated Bacillus subtilis spores displayed reduced bacterial infection in the lungs and spleen of mice but not in
non-human primates (NHP) when serving as a booster to the current vaccine, BCG [87]. A trial in South African adolescents (Aeras
C-040-404) with BCG revaccination and vaccination with H4:IC31, a recombinant subunit vaccine comprising adhesins Ag85B and
TB10.4, displayed efficacy in preventing sustained QuantiFERON (QFT) conversion [90,91]. The study showed highest
vaccine-induced CD4+ T-cell response rates were for those recognizing the Ag85B component. A virus-like particle (VLP) consisting of
a fusion of the HBHA and MTP epitopes (LV20) was expressed in the Baculovirus-insect cell expression system [86]. When coupled
with an adjuvant such as the DDA and Poly I:C (DP), this vaccine demonstrated both a cell-mediated and humoral response. Therefore,
the fusion of many immunodominant adhesin proteins make for a more enhanced vaccine candidate.

In this study, two tri-fusion protein constructs comprising multiple epitopes from 3 immunodominant adhesin proteins were
designed for use as potential serodiagnostic and vaccine candidates.

4.1. Four immunodominant Mtb adhesin proteins were selected

The VaxiJen software enabled the ranking of 26 knownMtb adhesin proteins based on their ability to act as potential antigens. Any
antigen exceeding the bacterial threshold of 0.4 [43] was considered as a potential antigen. The suitability of the top ten ranked
adhesin proteins as candidates for the tri-fusion protein construct was determined from published reports. The presence of epitope
regions was determined using the IEDB, a database with previously studied experimental data on antibody and T cell epitopes. Six of
the ten adhesin proteins did not return a positive result since no experimental data was available on the database at the time of
analysis. This included the highly ranked Wag22_PE_PGRS and the PE_PGRS33 adhesin protein.

Therefore, despite being ranked 1 and 2, the adhesin proteins belonging to the PE_PGRS family were not selected owing to their
inability to be expressed and purified outside of their host with ease [92,93], and the lack of available experimental data on the IEDB
[94]. The HSP70, PstS1, 19 kDa lipoprotein and the HBHA adhesin proteins demonstrated the presence of known epitopes on the IEDB,
ranging from 4 to 60 epitope regions, with the HBHA displaying the lowest number. The MTP adhesin protein was selected, despite not

Fig. 1. Schematic representation of the trifusion protein constructs using immunodominant Mtb adhesin proteins. (A) tnLPH. (B) tnMPH.
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Fig. 2. Prediction of signal peptides on adhesin proteins (A) lpqH, (B) MTP, (C) PstS1 and (D) tnHSP70 using the Signal P 6.0 tool. N: n-terminal
region of signal peptide; H: centre hydrophobic region of peptide; C: c-terminal region of signal peptide; O: no signal peptide.
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yielding any saved epitope regions, since previous studies conducted by Alteri et al., 2007; Naidoo et al., 2018; Pillay et al., 2024
(unpublished data) demonstrated the presence of anti-MTP antibodies in patient serum samples [63,42,95]; indicating that MTP is
capable of eliciting host immune response. The adhesin proteins tnHSP70, PstS1, 19 kDa and MTP were considered suitable candidates
for use in the tri-fusion protein construct as discussed below.

4.1.1. Heat-shock protein 70 (HSP70)
Heat-shock proteins (hsp) have been shown to possess anti-inflammatory properties and function as immune modulators. Myco-

bacterial heat-shock proteins such as the 70kDa display an intense helper effect in cellular and humoral responses when coupled to
other peptides in the absence of an adjuvant [96–98]. The HSP70 adhesin is known to induce the early production of IgG. The
C-terminal domain of the Mtb HSP70 from amino acids 359–610 was shown to be a highly potent adjuvant in comparison to the amino

Fig. 3. Predicted 3D tertiary structures of the tri-fusion constructs (A) tnLPH and (B) tnMPH using the D-I-TASSER webserver; the refined tertiary
structures of (C) tnLPH and (D) tnMPH modelled on the GALAXY Refine Server and the Ramachandran plots of tnLPH (E) and tnMPH (F) generated
by the PROCHECK tool on the SAVEsv6.0 server.
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acids located in the N-terminal domain when investigating the humoral response of the Hepatitis B vaccine [99]. The early secretory
protein 6 (ESAT-6) fused to the C-terminal of the HSP70 stimulated Th1 mediated immunity and was shown to retain immunogenicity
when fused together [66]. The use of the HSP70 as a fusion protein resulted in protein expression within both the soluble fraction and
inclusion body, with the latter displaying a greater yield [66]. Since HSP70 is a molecular chaperone, it can assist in the refolding of
proteins and prevent aggregation formation during stressful conditions [100]. It is anticipated that the use of the C-terminal of the
Hsp70359-610 will not only enhance the immune response attained by the tri-fusion protein vaccine candidate but will also promote the
expression of the recombinant protein within the soluble fraction. Further analysis revealed that this region contains several B- and
T-cell epitope sequences.

4.1.2. 19 kDa lpqH lipoprotein
Lipoproteins are involved in the virulence and immunoregulatory processes of TB pathogenesis. The lpqH adhesin protein interacts

with the mannose receptor to promote the phagocytosis of the Mtb bacilli. In addition to inducing a T cell mediated immunity, it has
been shown to down-regulate the antigen presentation to T cells [101–103]. The stage-specific expression promotes such adhesin

Table 4
Predicted MHC I and MHC II Binding Epitopes on tnHSP70, lpqH, MTP and PstS1 using the IEDB

Adhesin Protein MHC I MHC II

Allele Epitope Rank Allele Epitope Rank

tnHSP70 HLA-B*40:01 REIAAHNKL 0.990 HLA-DRB3*01:0 EVTFDIDANGIVHVT 0.11
HLA-A*68:01 ETKGGVMTR 0.982 HLA-DRB3*01:0 IEVTFDIDANGIVHV 0.13
HLA-B*07:02 APRGIPQIEV 0.915 HLA-DRB3*02:0 TRLIERNTTIPTKRS 0.08
HLA-A*03:01 RIQEGSGLSK 0.913 HLA-DRB3*01:0 QIEVTFDIDANGIVH 0.13
HLA-A*02:03 RLIERNTTI 0.900 HLA-DRB5*01:0 ANGIVHVTAKDKGTG 0.13

     
lpqH HLA-A*11:01 ATKDGSHYK 0.960 HLA-DRB1*03:01 ASGPKVVIDGKDQNV 2.50

HLA-A*30:01 ATKDGSHYK 0.946 HLA-DRB1*03:01 SGPKVVIDGKDQNVT 2.50
HLA-A*26:01 NVNGVTLGY 0.928 HLA-DRB1*03:01 AASGPKVVIDGKDQN 2.70
HLA-A*03:01 ATKDGSHYK 0.872 HLA-DRB1*03:01 GPKVVIDGKDQNVTG 2.70
HLA-A*68:02 TTAAGNVNI 0.815 HLA-DRB1*03:01 PKVVIDGKDQNVTGS 2.70

     
PstS1 HLA-B*57:01 QTLQAFLHW 0.996 HLA-DRB5*01:01 INYEYAIVNNRQKDA 0.60

HLA-B*58:01 QTLQAFLHW 0.993 HLA-DRB5*01:01 IINYEYAIVNNRQKD 0.66
HLA-B*57:01 LSKQDPEGW 0.980 HLA-DRB5*01:01 NYEYAIVNNRQKDAA 0.66
HLA-B*07:02 TPASSPVTL 0.978 HLA-DRB5*01:01 PIINYEYAIVNNRQK 0.66
HLA-B*58:01 LSKQDPEGW 0.975 HLA-DRB5*01:01 YEYAIVNNRQKDAAT 0.71

     
MTP HLA-B*57:01 QTAPVPDYYW 0.994 HLA-DRB3*01:01 APVPDYYWCPGQPFD 5.80

HLA-B*58:01 QTAPVPDYYW 0.990 HLA-DRB3*01:01 PVPDYYWCPGQPFDP 5.90
HLA-A*01:01 QTAPVPDYY 0.977 HLA-DRB3*01:01 VPDYYWCPGQPFDPA 6.00
HLA-A*26:01 QTAPVPDYY 0.827 HLA-DRB3*01:01 PDYYWCPGQPFDPAW 6.20
HLA-A*30:02 QTAPVPDYY 0.805 HLA-DRB3*01:01 TAPVPDYYWCPGQPF 6.80

Table 5
Physicochemical and protein parameters of trifusion constructs identified using the ProtParam ExPasy Tool

Protein Parameters tnLPH tnMPH

Number of amino acids 636 617
Molecular weight 64865.80 63958.62
Theoretical pI 4.77 4.63
Total number of negatively charged residues (Asp + Glu) 73 79
Total number of positively charged residues (Asp + Glu) 45 43
Formula C2809H4458N798O942S12 C2793H4336N782O917S13
Total number of atoms 9019 8841
Extinction coefficients all pairs of Cys residues form cystines all Cys residues are

reduced
35995 55600
35870 55350

Estimated half-life 30 h (mammalian reticulocytes, in
vitro

1 h (mammalian reticulocytes, in
vitro

>20 h (yeast, in vivo) 30 min (yeast, in vivo)
>10 h. (E. coli, in vivo) >10 h. (E. coli, in vivo)

Instability Index 27.52 34.23
Aliphatic index 76.79 70.97
Grand average of hydropathicity (GRAVY) − 0.29 − 0.406
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proteins as suitable vaccine candidates. The DNA vaccine constructed with lpqH did not provide protection in mice against TB [104,
105]. In contrast, the expression of the lpqH in strains such as Mycobacterium smegmatis and Mycobacterium vaccae demonstrated a
reduced protection inmice when challenged withMtb [104]. This indicates that the use of a live form of mycobacteria displays reduced
vaccine efficacy and should therefore not be considered for testing the lpqH. A DNA vaccine comprising lpqH fused to a marked protein
of the autophagosome, a microtubule associated protein light chain-3 (CL3), lowered bacterial load in the spleen and lungs of chal-
lenged mice [106]. This indicates an improved Th1 response and protection when two or more proteins are fused in the construction of
vaccine candidates. In animals, lpqH is regarded as a plasma biomarker which can differentiate between paratuberculosis positive
animals or paratuberculosis vaccinated cows from the TB positive cows [107].

4.1.3. Phosphate transport protein 1 (PstS1)
Another lipoprotein, PstS1, a phosphate-binding transporter protein, is a glycosylated protein with mannose residues located at the

N-terminal region [108]. The study of the three PstS proteins (PstS1, PstS2 and PstS3) as DNA vaccine candidates demonstrated that
the PstS1 did not confer a protective effect, whilst the PstS3 induced the highest cytokine secretion [109]. However, PstS1 displayed a
strong antibody response suggesting that it may be used as a serodiagnostic biomarker [30]. It has also been shown to differentiate
between active and latent TB and is most likely associated with active TB [110]. The use of a truncated PstS1 antigen was shown to
improve the diagnostic efficiency of the assay [111]. The removal of several amino acid sequences from both the N- and C-terminal
domains unmasked the epitopes, leading to greater exposure for antibody-antigen interaction. The authors further showed that the
fusion of the truncated PstS1 to the EchA1 (Rv0222) proteins displayed an improved serodiagnosis of TB [112].

4.2. Two trifusion protein constructs with multi-epitope regions lacking a signal peptide with good population coverage

Common B-cell epitope regions (Table 3) predicted by the three online tools were incorporated into the design of the tri-fusion

Fig. 4. In silico analysis of antibody and cytokine immune responses induced by the tnLPH and tnMPH vaccine candidates using the C-ImmSim
server. The response of immunoglobulin production when exposed to the antigen (Ag) tnLPH (A) and tnMPH (B). The production and concentration
of cytokines and interleukins after immunizations with tnLPH (C) and tnMPH (D). The D curve, shown in the small box within the graph, represents
the diversity and is a signal of danger.
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protein. T-cell epitope regions were identified using IEDB where reference alleles for both the MHC I and MHC II binding sites were
selected. The epitope regions were also included in the tri-fusion protein constructs. Since cloning was to be performed in-house, a
continuous region of the epitopes on the gene sequence was used. Three adhesin proteins, lpqH, PstS1 and MTP were identified by the
signal peptide prediction tool to contain a signal peptide at the N-terminal domain. For the design of the tri-fusion protein construct,
the signal peptides of these proteins were removed to optimize the expression of the recombinant protein [113]. The truncated gene
sequence encoding the adhesin proteins that were used in the design of the tri-fusion protein are shown in Table S1 with the schematic
of the design of the trifusion constructs shown in Fig. 2. The population coverage of both the tnLPH and tnMPH trifusion protein
constructs in the South African population was 91,81 % for a combination of MHC alleles with an average of 1,98 epitopes recognized
by the population. In addition, a world coverage of 90,95 % was obtained. This indicates that the potential vaccine candidates can be
recognized by a vast number of people and can therefore elicit an immune response.

Fig. 5. Restriction map of recombinant pGEX6P-1- tnLPH (A) and Restriction map of recombinant pGEX6P-1- tnMPH (B) generated using the
Snapgene software.
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4.3. AllerTop 2.0 and the hybrid approach indicate that both trifusion protein constructs are non-allergens

The ability of the antigens to induce an abnormal immune response was predicted using AlgPred and AllerTop 2.0 (Table S2). The
AllerTop server predicts the allergenicity of a protein based on the physicochemical characteristics of the protein sequence [55,114].
AlgPred integrates the results of various methods to predict an allergen [54], however, the allergenicity results of the truncated
proteins obtained were contradictory in each of the methods. According to the IgE epitope mapping, Motif Alignment and Search Tool
(MAST), all the truncated regions of the adhesin protein and the tri-fusion constructs, tnLPH and tnMPH are non-allergens. The MAST
tool displayed the highest sensitivity of 93.94% with a specificity of 33.34%, whilst the highest specificity of 98.14% with a sensitivity
of 17.47% was achieved by the IgE mapping. However, The Support Vector Machine (SVM) based on amino acid composition which
has an accuracy of 85.02% predicted that both the tri-fusion protein constructs and the tnHSP70, tnlpqH, tnPstS1 and tnHSP70
proteins are probable allergens, whilst the tnMTP is identified as an allergen. Using the dipeptide composition with an accuracy of
85%, the tnHSP70, tnlpqH, tnPstS1 and tnLPH were identified as potential allergens, whereas the tnMTP was identified as a
non-allergen and the tnMPH tri-fusion construct was identified as an allergen. The BLAST results predicted that all individual truncated
proteins were non-allergens but a sequence within the tri-fusion protein constructs was identified as an allergen. However, the Hybrid
Approach predicted that all proteins were non-allergens. This approach is based on the combination of two or more methods and can
therefore be considered highly likely. The AllerTop 2.0 online tool predicted that all proteins are non-allergens except for tnMTP,
which was identified as a probable antigen. The AllerTop 2.0 tool has been shown to display the highest sensitivity (94%) when
compared to other tools whilst the AlgPred showed the highest specificity (100%) [114]. Therefore, all results were taken into
consideration for finalizing the design and use of the tri-fusion protein construct.

4.4. Hydrophilic, thermo-stable tri-fusion protein constructs identified by ExPasy ProtParam with a confident prediction of tertiary structure
by D-I-TASSER

The physicochemical properties of each tri-fusion protein were computed by ExPasy ProtParam tool. These included the amino acid
composition, molecular weight, theoretical isoelectric points (pI), extinction coefficient, instability index, aliphatic index, grand
average of hydropathicity (GRAVY), and total number of negatively and positively charged residues (Table 5). The theoretical pI was
4.77 and 4.63, for tnLPH and tnMPH, respectively. The theoretical pI is the pH at which a particular molecule or surface carries no net
electrical charge, and it is useful for understanding the protein charge stability. The extinction coefficient is defined as a measurement
of how strongly a protein absorbs light at 280 nm and may aid in the study of the interactions of protein-protein and protein-ligand
[115]. The extinction coefficients for tnLPH and tnMPH were determined to be 35870 and 55350, respectively. A high extinction
coefficient is associated with the high concentration of cysteine residues which implies a more stable protein structure [116,117]. The
instability index is an estimation of the stability of a protein experimentally, where a value smaller than 40 is considered as stable. The
instability index values for tnLPH and tnMPH is 27.52 and 34.23, respectively, indicating that both tri-fusion proteins are stable. The
half-life of tnLPH and tnMPHwere estimated at 30 h and 1 h in mammalian reticulocytes respectively. This implies that the tnLPHmay
actually be able to trigger a better immune response in vivo rather than the tnMPH since it will persist longer within the host. The
aliphatic index of a protein is defined as the relative volume occupied by aliphatic side chains, alanine, valine, isoleucine and leucine.
The aliphatic index for tnLPH and tnMPH is 76.79 and 70.97, respectively, indicating that the tri-fusion protein is thermo-stable over a
wide temperature range. The GRAVY value was calculated as the sum of hydropathy values of all of the amino acids divided by the
number of residues in the sequence. A low GRAVY value indicates the possibility of the protein being a hydrophilic rather than hy-
drophobic protein. The GRAVY index of the tri-fusion protein was calculated to be − 0.29 and-0.406 for tnLPH and tnMPH, respec-
tively. This implies that the tri-fusion protein may be hydrophilic in nature and maybe more amenable to purification strategies.

The D-I-TASSER online software was used to predict the tertiary structure of both trifusion constructs which proposed 5 models
with varying TM-scores. TM-score is a more accurate measure of global similarity between two structures in comparison to the RMSD
[58]. The TM-score closest to 1 implies a perfect match between the protein structures and the first models for both constructs dis-
played the highest TM-score (Fig. 3A and B).

This models were subjected to refinement to optimize the predicted structures. The Galaxy Refine server generated five models with
the first model being the most favoured. The Galaxy Refine displays six factors relating to the original model submission, including the
GDT-HA, RMSD, MolProbity, Clash score, Poor Rotamers and Rama favoured [59]. The GDT-HA and RMSD pertains to the similarity of
the two structures and this scores indicated that the refined model and the original model were highly similar. The MolProbity score
should lie between − 4 and 2. The MolProbity score for the original models of both proteins were >3 and the reduction observed is an
indication of a refined model with a closer to normal structure. This is further confirmed by the reduction in clash scores observed
[118]. The poor rotamer score refers to the geometry of the amino acid side chains and its presence in the poor favoured category.
Despite an increase in comparison to the original model, the refined models are within the accepted range since a value greater than
1.5% is a cause for concern. The Rama favourability of these models is linked to the proposed statistical distribution of the combi-
nations of the residues on the backbone dihedral angles. This is graphically illustrated by the Ramachandran plots generated by the
PROCHECK validation server [119,120]. The refined tnLPH and tnMPH models contain 87.7–89.1% of residues in the favoured re-
gions; 10–8.5% in the additional allowed regions, 0.8–1% in the generously allowed regions; and 1.4% in the disallowed regions. The
residues in disallowed region should not exceed 2% as this would indicate steric hindrance between the side chain and the main atoms
resulting in a poor protein structure. Since both constructs are below this value, the refined structure is of good quality. The ERRAT
program verifies protein structure that is determined by crystallography and provides an overall measure of quality and resolution of
structure [121]. A good model should display an overall quality of 95% but anything above 50% is accepted. The overall quality of the
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tnLPH and tnMPHwas 76.51% and 85.25%, respectively. Collectively, the refinement and validation results indicate that the predicted
structures for the tnLPH and tnMPH trifusion proteins are good. The in silico cloning of both trifusion constructs into the pGEX6P-1
vector indicated that the reading frame of the sequence is not altered nor does its incorporation affect the PreScission Protease
sequence on the vector.

4.5. In silico immune simulation shows that both trifusion constructs are immunogenic

In silico analysis of the tri-fusion constructs indicated that the vaccine candidates may be immunogenic since the design was based
on B and T cell epitopes which are needed to stimulate both a humoral and adaptive immune response. This is further evidenced by the
in silico immune simulation which revealed that both the tnLPH and tnMPH elicited both an adaptive and innate immune response
characterized by heightened concentrations of TH cells and B-cells during immunization. Furthermore, both candidates stimulated the
production of the IFN-g, TGF-b IL-10 and IL-12 cytokines which are essential for the protection of the host (Fig. 4C and D). The
presence of immunoglobulins remained after the eradication of the antigen (Fig. 4A and B). The use of a GGGGS linker sequence
between each of the truncated adhesin protein will provide accessibility and flexibility to the epitope regions. The analysis of the
physicochemical characteristics of the tri-fusion construct indicates that both candidates when expressed, should be hydrophilic and
stable but this is yet to be experimentally confirmed. Therefore, the present findings should be followed up with the synthesis of the
proposed trifusion constructs, cloned into a suitable vector and transformed into an appropriate bacterial host such as the Escherichia
coli BL21. The recombinant protein should be expressed and purified in sufficient quantity for the immunization of mice to further
validate the findings of the in silico analysis. Furthermore, the recombinant proteins can be evaluated in an enzyme-linked immu-
nosorbent assay (ELISA) to determine the diagnostic potential of these two tri-fusion proteins.

5. Conclusions

The use of in silico immunoinformatic tools has been shown to be vital to the generation of potential vaccine candidates, diagnostic
biomarkers and therapeutic drug targets. It has greatly assisted in the control of coronavirus pandemic and has extensively been used
for the design of new TB vaccine candidates. Two potential subunit vaccines comprising of truncated epitope regions of immuno-
dominant Mtb adhesin proteins were designed. The phosphate-binding transport protein PstS1, C-terminal region of heat-shock
protein 70, and either the Mycobacterium tuberculosis curli pili or the 19 kDa lipoprotein, were incorporated in the each of the trifu-
sion protein constructs. The analysis revealed that the potential vaccine candidates are immunogenic, thermostable, hydrophilic and
are structures of good quality. However, these claims are yet to be validated by in vitro and in vivo experiments.
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