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INTRODUCTION 

 

Members of the genus Thermococcus are sulfur-reducing, obligately anaerobic 
hyperthermophilic archaea inhabiting extreme geothermal environments 

(Krupovic et al., 2013; Hetzer et al., 2007), reflecting remarkable ecological and 

evolutionary adaptability. Among them, Thermococcus kodakarensis KOD1 is a 
key model archaeon with a fully sequenced genome (Fukui et al., 2005) and a 

highly thermostable and efficient DNA polymerase (Nishioka et al., 2001), 

underscoring its importance in archaeal biology and biotechnology. 
Hyperthermophilic archaea sustain metabolism under extreme conditions through 

precise regulation of metal ions, supporting vital cellular function and 
physiological integrity (Moustakas, 2021) where metal oxoanions such as 

tungstate (WO₄²⁻) and molybdate (MoO₄²⁻) play a pivotal role in redox metabolism 

and enzymatic function (Mendel and Kruse, 2012; Winiarska et al., 2023). Their 
selective use reflects an evolutionary adaptation that enhances enzymatic function 

and stability in some of Earth’s most inhospitable habitats.  

In Pyrococcus furiosus, high-affinity uptake of WO₄²⁻ and MoO₄²⁻ is mediated by 
the WtpABC transporter, comprising the periplasmic binding protein WtpA, the 

membrane permease WtpB, and the ATPase WtpC, with a marked preference for 

tungstate over molybdate (Bevers et al., 2006). In Metallosphaera sedula, only 
WtpA and WtpC homologues facilitate such transport (Wheaton et al., 2016). By 

contrast, sulfate-reducing bacteria such as Desulfovibrio vulgaris employ the 

ModABC system, regulated by the molybdate-responsive transcription factor 
ModE (Kazakov et al., 2013). Lacking ModE, hyperthermophilic archaea employ 

alternative strategies for metal ion homeostasis. The permease WtpB is of 

particular interest, which constitutes the membrane-integrated component of the 
WtpABC ATP-binding cassette (ABC) transporter system. Structurally, WtpB is 

predicted to contain multiple transmembrane α-helices, forming a channel to 

translocate oxyanions from the periplasm into the cytoplasm (Bevers et al., 2006). 
Despite its central role, structural elucidation of WtpB at atomic resolution remains 

lacking, and its precise transport mechanism in extremophilic contexts requires 

further investigation. 
To address this knowledge gap, a comprehensive structural and evolutionary 

analysis of WtpB from T. kodakarensis KOD1 was carried out. This study presents 

homology-based models of the two- and three-dimensional structures of the WtpB 
permease from T. kodakarensis KOD1, alongside a comprehensive in silico 

characterization. Structural integrity and model quality were assessed using 

Ramachandran plot analysis and neural network-based validation tools. Conserved 

residues and characteristic sequence motifs were identified, and key 
physicochemical properties were predicted directly from the primary sequence. 

Additional structural features, including intrinsic disorder, foldability, and bonding 

patterns, were predicted. Evolutionary relationships were examined through 
phylogenetic reconstruction and distance analysis across 31 Thermococcus 

species, providing insights into the conservation and divergence of WtpB within 

this archaeal lineage. 
 

MATERIAL AND METHODS 

 

Sequence analysis and alignments 

 
The protein sequence of WtpB (accession no. WP_011248973) was obtained from 

the complete genome sequence of T. kodakarensis KOD1 (GenBank accession no. 

AP006878). Homologous sequences were identified using BLASTP (Altschul et 

al., 1997) against the NCBI protein database. WtpB homologs from 30 additional 

Thermococcus species were also retrieved. Functional domains and conserved 

regions were annotated using the NCBI Conserved Domain Database (CDD; 
Wang et al., 2023). Pairwise and multiple sequence alignments were performed 

with CLUSTAL X v2.1 (Larkin et al., 2007), and sequence identities were 

calculated using BioEdit v7.7 (Hall, 1999). 
 

Secondary and tertiary structural modeling 

 
Secondary structure prediction of WtpB was performed using JPred4 

(Drozdetskiy et al., 2015), which indicated a defined arrangement of α-helices and 

β-sheets. Tertiary structure modeling was conducted via the 3DPro tool on the 
SCRATCH protein prediction server (Cheng et al., 2005). The 3DPro tool on the 

SCRATCH protein prediction server is primarily an ab initio (de novo) predictor, 

which predicts tertiary structures by combining predicted structural features 
including secondary structure, solvent accessibility, and residue contacts with 

energy terms derived from PDB statistics and a fragment library with moderate 

reliability. Final three-dimensional models were visualized using VMD v1.9.3 
(Hsin et al., 2008). 

The WtpB permease from Thermococcus kodakarensis KOD1 is a membrane-integrated component of the WtpABC ATP-binding cassette 

(ABC) transporter system, mediating high-affinity uptake of tungstate (WO₄²⁻) and molybdate (MoO₄²⁻), essential metal oxoanions in 

hyperthermophilic archaea. Using comprehensive in silico approaches, we modeled the secondary and tertiary structure of WtpB, revealing 
nine α-helices with distinct functional domains, including putative periplasmic binding protein (PBP) interaction loops, a conserved gate 

region, dimer interface, and ABC-ATPase interaction site. Sequence alignment of 31 Thermococcus species demonstrated 44.5 % residue 

conservation, indicating evolutionary stability. Physicochemical profiling showed a high aliphatic index (131.94), isoelectric point of 9.69, 
and GRAVY score of 0.854, consistent with a thermally stable, hydrophobic transmembrane protein. Structural validation via 

Ramachandran plot indicated 95.5 % residues in favored regions, while ProQ and QMEAN scores (LG: 9.228; MaxSub: 0.407; QMEAN: 

0.549) confirmed model accuracy. Interaction network analysis identified strong associations with WtpA and WtpC (confidence scores 
>0.99), predicting complex formation. Phylogenetic analysis resolved six clusters within Thermococcus, with WtpB sequence identities 

ranging from 72.6 % (Pyrococcus furiosus) to 97.1 % (closely related species), reflecting functional divergence aligned with ecological 

niches. This integrated structural and evolutionary characterization of WtpB advances understanding of archaeal metal oxoanion transport 
mechanisms, crucial for maintaining redox metabolism under extreme conditions, and provides a molecular basis for future functional and 

applied studies targeting hyperthermophilic ABC transport systems. 
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Physicochemical profiling and structural analysis 

 

Key physicochemical parameters—including molecular weight, isoelectric point 

(pI), molar extinction coefficient at 280 nm, instability index, aliphatic index, and 

the grand average of hydropathicity (GRAVY)—were calculated using ProtParam 

(Gasteiger et al., 2003). Structural features such as disordered residues, disorder 
probability, domain architecture, and disulfide bond presence were analyzed using 

the SCRATCH suite (Cheng et al., 2005). Protein unfoldability was assessed with 

FoldIndex (Prilusky et al., 2005), while mean hydrogen bond energy and packing 
defect percentage were evaluated using VADAR v1.8 (Willard et al., 2003). The 

quality of the NMR-derived protein structure was evaluated using ResProx 
(Berjanskii et al., 2012), which estimates an equivalent X-ray resolution based on 

structural features derived from the atomic coordinates. 

 

Structure validation 

 

Structural validation was performed using the Ramachandran plot, a widely 
accepted metric for assessing protein model quality in the absence of experimental 

data (Hollingsworth and Karplus, 2010). Torsion angle distributions were 

evaluated using PROCHECK (Laskowski et al., 1993), which assesses 
stereochemical integrity and highlights residues in disallowed regions. In parallel, 

model quality was further assessed using ProQ, a neural network–based predictor 

(Wallner and Elofsson, 2003), and QMEAN, which provides a composite quality 
score for model ranking relative to experimentally derived structures (Benkert et 

al., 2009). MolProbity (Williams et al., 2018) was used to identify and score 

conformational outliers in the protein backbone and side chains. 
 

Prediction of WtpB-associated proteins 

 
WtpB protein sequences from 31 Thermococcus species were retrieved from the 

NCBI protein database (www.ncbi.nlm.nih.gov/protein). Functional interaction 

networks and confidence scores for predicted protein–protein associations were 
inferred using STRING v12.0 (Szklarczyk et al., 2023). 

 

Phylogenetic analysis 

 

The evolutionary history was inferred using the neighbor-joining method of Saito 

and Nei (1987) based on 1000 replications. The evolutionary distances among 

WtpB from 31 Thermococcus species including T. kodakarensis KOD1 were 

computed using the number of differences method (Nie and Kumar, 2000) with 

the units of the number of amino acid substitutions per site. The analytical 
procedure encompassed 32 amino acid sequences. The pairwise deletion option 

was applied to all ambiguous positions for each sequence pair resulting in a final 

data set comprising 260 positions. Evolutionary analyses were conducted in 
MEGA12 (Kumar et al., 2024).  

 

RESULTS AND DISCUSSION 

 

A comprehensive in silico investigation was carried out to define the structural 

organization, sequence conservation, and evolutionary relationships of WtpB, the 
membrane-associated permease of the WtpABC transporter system in T. 

kodakarensis KOD1. This analysis integrated secondary and tertiary structure 

prediction, domain annotation, physicochemical profiling, structural validation, 
and phylogenetic comparison across 31 Thermococcus species, providing detailed 

insights into the functional architecture and evolutionary conservation of this key 

transport protein. 

 

Structural features and sequence conservation of WtpB 

 
As predicted by JPred4 (Drozdetskiy et al., 2015), WtpB from T. kodakarensis 

KOD1 comprises nine α-helices and two very short β–sheets (Fig. 1). The longest 

α-helix, helix 7, comprises 33 amino acids, whereas helices 6 and 9 contain only 9 
residues each. Of the five loops connecting the helices, three are predicted to be 

extracellular and two cytoplasmic. Sequence alignment of WtpB orthologs from 
31 Thermococcus species revealed a high degree of conservation, with 110 out of 

247 residues (44.5 %) invariant across all sequences.  

 
Predicted tertiary structure and functional elements of WtpB 

 

A three-dimensional structure of WtpB from T. kodakarensis KOD1 is shown in 
Figure 2. The overall structure of WtpB consisted of nine α-helices. Both the N- 

and C-termini are cytoplasmic. WtpB comprises four functional elements, as 

indicated in Fig. 1. In Fig. 3, the three-dimensional model of WtpB is shown in dot 
representation, with the functional elements highlighted in yellow surface 

rendering. The conserved C-terminal region WtpB proteins, identified as 

VARTLG-X9-I/V-X-LP (Bevers et al., 2006) was located in WtbB as VARTLG-X9-
I-X-LP. This conserved sequence is recognition site for the C component of the 

ABC transporters (Mourez et al., 1997). 

 
Figure 1 Predicted α-helix and β–sheets distribution in the secondary structure of 

WtpB from T. kodakarensis KOD1. Secondary structure prediction was performed 
using JPred4. Conserved residues across 31 Thermococcus species are indicated in 

black. Functional regions are annotated as follows: asterisks, putative PBP-binding 

loops (6 residues); plus signs, conserved gate region (21 residues); carets, dimer 
interface (54 residues); triangles, ABC-ATPase subunit interface (16 residues). 

 

 
Figure 2 Predicted three-dimensional structure of WtpB from T. kodakarensis 
KOD1, shown before (right) and after (left) a 180° rotation along the x-axis. α-

helices are colored red, with turns and loops depicted in cyan and white, 

respectively. The C- and N-terminals are labeled as C and N. The structure was 
visualized using VMD 1.9. 

 

The PBP-binding loops of WtpB mediate selective interaction with the periplasmic 
binding protein, enabling efficient substrate transfer. This coordination links metal 

oxyanion delivery to ATP hydrolysis. This mechanism underpins the high-affinity 

and selective uptake of molybdate and tungstate in T. kodakarensis and related 
archaea, as conserved across structurally and functionally similar ABC transporters 

(Gerber et al., 2008; Bevers et al., 2011). The conserved gate region of WtpB 

regulates substrate access to the translocation pathway. Upon binding of the PBP 
to its substrate, conformational changes in WtpB open the gate, enabling precise 

transfer of metal oxyanions and ensuring high-affinity, specific uptake of 

molybdate and tungstate. The dimer interface stabilizes the arrangement of two 
WtpB subunits and enables conformational changes that couple ATP hydrolysis to 

substrate translocation. This coordination ensures efficient and directional uptake 

of molybdate and tungstate. The ABC-ATPase interface of WtpB transmits 
conformational changes from ATP hydrolysis to the transmembrane domain, 

driving molybdate and tungstate transport. This coupling ensures energy-

dependent, directional substrate uptake. 

http://www.ncbi.nlm.nih.gov/protein
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Figure 3 Predicted functional elements of WtpB from T. kodakarensis KOD1. The 
predicted structure of WtpB is shown in a dot representation, with functional 

elements highlighted as yellow surface features. (A) putative PBP-binding loops, 

(B) conserved gate region,  (C) dimer interface, (D) ABC-ATPase subunit 
interface.  

 

Physiochemical characterization 

 

The physicochemical properties of WtpB from T. kodakarensis KOD1, as 

predicted by ProtParam, are summarised in Table 1. The isoelectric point (pI) was 

calculated to be 9.69, at which the net charge of the protein is zero. The instability 

index, a predictor of in vitro protein stability (Guruprasad et al., 1990), was 27.52, 

suggesting that WtpB is stable under standard laboratory conditions, as values 
below 40 are generally indicative of stability. The aliphatic index (Ikai, 1980) 

reflects the relative volume occupied by aliphatic side chains of non-polar, 

hydrophobic residues—specifically alanine (A), isoleucine (I), leucine (L), proline 
(P) and valine (V). In WtpB, 140 of 247 amino acid residues (~57 %) are aliphatic, 

yielding an AI of 131.94. This elevated value is consistent with the 

physicochemical properties typical of transmembrane proteins. The high 
proportion of aliphatic residues likely contributes to the thermal stability of WtpB, 

enhancing its structural integrity and functional resilience under elevated 

temperature conditions. The grand average of hydropathy (GRAVY) was 
calculated as the mean of the hydropathy scores of all amino acid residues 

(Gasteiger et al., 2003). A GRAVY value of 0.854 indicates a predominance of 
hydrophobic residues in WtpB, consistent with its putative interaction with lipid 

environments such as membrane and involvement in processes driven by 

hydrophobic interactions. 

 

Table 1 Global physicochemical characteristics of WtpB from T. kodakarensis 

KOD1, as predicted by ProtParam 

Parameter Calculated Value 

Amino acid residues 247 
Molecular weight  26840.03 kDa 

Positively charged residues (D, E)  21 

Negatively charged residues (R, K)  14 
Isoelectric point (pI)  9.69 

Molar at tenuation coefficient (ε) at  280 nm  31400 M - 1 cm - 1 

Instability index 27.52 
Aliphatic index (AI)  131.94 

Grand average of hydropathy index 

(GRAVY) 

0.854 

 
Structural features 

 

The structural features of WtpB are summarized in Table 2. As WtpB from T. 
kodakarensis KOD1 lacks cysteine residues, no disulfide bonds are predicted. 

FoldIndex (Prilusky et al., 2005), which assesses the likelihood of intrinsic 

disorder, indicates that WtpB is fully ordered, with no disordered residues and a 
disorder probability of zero. The accessible surface areas of the backbone and side 

chains are 935.2 Å² and 13,876.7 Å², respectively. 

Lower predicted resolution values, particularly below 2.0 Å, indicate higher-

quality, well-ordered NMR protein structures with greater structural detail 

(Berjanskii et al., 2012). Mean hydrogen-bond energy is a key indicator of 

structural validity, reflecting conformational stability and proper folding (Pace et 

al., 2012). The predicted value (-1.8 kJ mol⁻¹) supports a physically plausible 

WtpB model, with negative energy indicating favourable, stabilizing hydrogen-
bond formation. Similarly, the free energy of folding (ΔGfolding) is a central 

determinant of protein stability (Chong and Ham, 2001). The predicted value (-

220.41 kJ mol⁻¹) indicates an exceptionally stable, well-folded structure consistent 
with a native state (Masson and Lushchekina, 2022). A large predicted solvent-

accessible surface area (SASA) indicates a relatively extended protein 
conformation (Marsh and Teichmann, 2011). Consistently, the total volume 

(32,329.3 Å³) suggests a medium-to-large protein, corresponding to approximately 

250–350 residues and aligning with the size of WtpB (247 residues). 
 

Table 2 Structural features of WtpB from T. kodakarensis KOD1 predicted using 

SCRATCH, FoldIndex, VADAR, and ResProx tools 

Parameter Calculated Value 

Predicted resolution 1.195 Å 
Disordered residues 0 

Disorder probabil ity  0 % 

Unfoldabil ity  0.447 
Total solvent accessible surface area 14811.8 Å² 

Total volume (packing) 32329.3 Å3 

Disulfide bonds 0 
Residues with H-bonds 236 (95 %) 

Mean H-bond distance 2.2 Å 

Mean H-bond energy -1.8 kJ mol -1 
Residues 95 % buried  48 

Free energy of folding  -220.41 kJ mol - 1 

 

Structure validation 

 

Structural validation provides a comprehensive assessment of stereochemical 

quality, aiding in the evaluation of model reliability. The structural quality of WtpB 
was evaluated using the Ramachandran plot, based on the distribution of backbone 

torsion angles φ and ψ, calculated via PROCHECK (Hollingsworth and Karplus, 

2010). As shown in Fig. 4a, 95.5% of residues (211 out of 247) were located within 

the most favoured regions, indicative of a well-defined structure. An additional 

4.1% (9 residues) and 0.4% (1 residue) occupied the additionally allowed and 

generously allowed regions, respectively, with no residues falling in disallowed 
regions. A model with over 90% of residues in favoured regions is generally 

considered of high quality.  

Further validation using the ProQ neural network predictor yielded a Levitt–
Gerstein (LG) score of 9.228 and a MaxSub score of 0.407, indicative of a highly 

reliable model (Levitt and Gerstein, 1998; Siew et al., 2000; Cristobal et al., 

2001). The QMEAN score of 0.549 with a Z-score of –0.83 (Fig. 4b) is consistent 
with values reported for experimentally resolved membrane proteins, including 

ABC permeases, which typically exhibit QMEAN scores in the range of around 

0.5–0.7 and Z-scores near zero (Benkert et al., 2009; Waterhouse et al., 2018). 
For instance, structurally characterized ABC transporter permeases such as 

Sav1866 and MsbA display comparable global quality metrics when evaluated 

against statistical potentials derived from high-resolution structures (Dawson and 

Locher, 2006; Ward et al., 2007). MolProbity analysis yielded a score of 0.94, 

indicating high overall structural quality, as lower scores correspond to better 

models. The clashscore was 1.28, reflecting the number of serious steric overlaps 

per 1,000 atoms; lower values similarly indicate improved stereochemical quality 

(Williams et al., 2018). Collectively, these assessments indicate correctness of the 

WtpB structural model from T. kodakarensis KOD1 with comparable quality to 
experimentally determined ABC permease structures. 

 

Prediction of WtpB-associated proteins 

 

Accessory interacting proteins assist the primary protein in performing its function, 
or contribute to its proper folding, stabilization, and cellular localization. Ten 

accessory proteins associated with WtpB in T. kodakarensis KOD1 were identified 

using the STRING database (Szklarczyk et al., 2023). The confidence scores of 
these predicted interactions are shown in Fig. 5. Notably, WtpA (a periplasmic 

component) and WtpC (an ATPase component) exhibit the strongest associations 

with WtpB, with confidence scores of 0.992 and 0.991, respectively. Together, 
WtpA, WtpB, and WtpC form the ABC transporter complex WtpABC, which is 

implicated in molybdate/tungstate transport. 

 

A B 

C D 
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Figure 4 Validation of the WtpB structural model. (A) Ramachandran plot 

generated by PROCHECK, showing the distribution of backbone dihedral angles 

and the absence of residues in disallowed regions. (B) QMEAN quality assessment 
of the WtpB model. The normalized QMEAN score (y-axis) is compared against a 

reference set of high-resolution, non-redundant Protein Data Bank (PDB) 

structures, indicating the overall reliability of the model. 
 

 
Figure 5 Confidence map of ten accessory proteins functionally associated with 
WtpB, implicated in molybdate/tungstate transport in T. kodakarensis KOD1. 

Protein–protein interaction network was generated using STRING. 

 

Phylogenetic analysis 

 

Figure 6 illustrates the phylogenetic relationships among WtpB from T. 
kodakarensis KOD1 and homologous molybdate/tungstate transport system 

permease proteins across 30 Thermococcus species. The percentage of replicate 

trees in which the associated taxa clustered together in the bootstrap test (1000 

replicates) are shown next to the branches (Felsenstein, 1985). Closely related 

taxa, including T. archaeon, T. peptonophilus, and T. stetteri are obligate anaerobes 

inhabiting deep-sea hydrothermal vents, and typically employ elemental sulfur as 

a terminal electron acceptor (Miroshnichenko et al., 1989; González et al., 1995). 

These species share high sequence identity with WtpB of T. kodakarensis, ranging 
from 93.5 % to 97.1 %. In contrast, WtpB from Pyrococcus furiosus, a 

hyperthermophilic model archaeon (Bevers et al., 2006), displays only 72.6 % 

identity and was used as an outgroup. The phylogenetic tree resolves six additional 
clusters, with T. Barophilus (hyperpiezophile), T. gammatolerans (radioresistant), 

and T. litoralis (thermozyme-producing) among the most prominent 
representatives, showing 75.0–86.4 % sequence identity to T. kodakarensis WtpB. 

 

Table 3 Predicted functional partners of WtpB in T. kodakarensis KOD1 as 
identified by STRING analysis. Node identifiers correspond to those shown in Fig. 

4. Interactions are based on STRING confidence scores, with only high-confidence 

associations included. 

Node Description Confidence Score 

WtpA 
ABC-type molybdate transport system, 

periplasmic component 
0.992 

WtpC 
ABC-type sulfate transport system, 

ATPase component 
0.991 

TK0158 
ABC-type iron (III) transport system, 

ATPase component 
0.911 

TK0717 
ABC-type molybdate transport system, 

periplasmic component 
0.894 

TK0719 
ABC-type molybdate transport system, 

ATPase component 
0.892 

TK0572 
ABC-type iron (III) transport system, 

ATPase component 
0.763 

TK1775 
ABC-type maltdextrin transport system, 

ATPase component 
0.710 

TK0020 Hypothetical protein, conserved 0.661 

TK0019 
Predicted ABC-type transport system, 

ATPase component 
0.660 

TK1315 
3ʹ-phosphoadenosine 5ʹ -phosphosulfate 

reductase 
0.636 

 

 
Figure 6 Consensus phylogenetic tree of WtpB homologues from selected 

Thermococcus species. Accession numbers are provided for each sequence. WtpB 

from Pyrococcus furiosus (WP014835477) was used as an outgroup. The tree is 
drawn to scale, with branch lengths representing the number of amino acid 

substitutions per site. Evolutionary analysis was performed using MEGA12. 

 

CONCLUSION 

 

This study provides a structural and functional analysis of WtpB from T. 
kodakarensis KOD1, highlighting its role in the molybdate/tungstate ABC 

transporter system. The protein exhibits a conserved α-helical architecture with 

distinct functional regions, including PBP-binding loops, a gate region, and an 
ABC-ATPase interface, supporting its involvement in energy-coupled metal 

oxyanion uptake. Physicochemical properties indicate thermal stability and 

hydrophobicity consistent with membrane association in a hyperthermophilic 

A 

B 
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archaeon. Structural validation and interaction analyses support a biologically 

plausible model in which WtpB associates with WtpA and WtpC. Phylogenetic 

analysis further indicates strong evolutionary conservation among Thermococcus 

species. Collectively, these results provide a molecular basis for selective oxyanion 

transport and support further mechanistic and applied studies of archaeal 

transporter systems. 
While these findings collectively provide meaningful structural and functional 

insights, it should be recognized that they are derived from computational and 

predictive analyses; therefore, the proposed structural features, functional site 
assignments, and protein–protein interaction partners should be interpreted as 

testable hypotheses rather than experimentally validated mechanisms. Future work 
employing site-directed mutagenesis, ligand-binding assays, cross-linking studies, 

and cryo-electron microscopy or X-ray crystallography, along with molecular 

dynamics simulations, will be essential to experimentally confirm the structural 
dynamics, interaction interfaces, and transport mechanism of WtpB within the 

WtpABC system. 
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