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ampullate spidroins (MaSps) in orbicularian spiders has led to the neglect of major
ampullate silks from non-orbicularians, despite their unique silk protein sequence, with
a predominant focus on the adult stage rather than the early developmental stage. In
this study, we elucidated the N-terminal ampullate spidroin (NT-AmSp) structure from
the prenymph of the non-orbicularian species, Crossopriza lyoni. The NT-AmSp
sequence of 155 amino acids was subjected to protein homology modeling, threading,
and ab initio modeling through multiserver-based in silico predictions using SWISS-
MODEL, Phyre2, and I-TASSER, respectively. The quality of each generated model was
analysed using ProSA-web, QMEAN, and SAVES (parameters i.e., ERRAT, Verify3D, and
Ramachandran plot) servers. Finally, the models were superimposed with an NMR-
determined NT-MaSp from E. australis for similarity assessment using SuperPose.
Models ranked first by both SWISS-MODEL and Phyre2 (Model 1) and Model 3 from I-
TASSER with the highest C-score were chosen as the best predicted models. All models
possessed five a-helices except for Model 3 with an additional a-helical conformation
representing the signal peptide region. Overall, the models were of relatively good
quality according to the analysis. The structure superimposition with E. australis NT-
MaSp1 (4FBS) yielded an acceptable RMSD value between 2.0 A and 3.0 A. In silico
structural modeling proves to be a powerful tool for assessing protein molecular
functions. Elucidating the N-terminal structure of AmSp from C. lyoni prenymph may
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1. Introduction

Spider silk is a polymeric biomaterial that demonstrates significantly superior performance
compared to silkworm-derived fibre [1]. A single spider species may have the capacity to produce up
to eight types of silks. Among these, dragline silk, also referred to as major ampullate silk has emerged
as a highly promising candidate with its outstanding physico-mechanical properties. Dragline silk is
utilized as a safety line during crawling or as the structural framework of a web. Its toughness and
extensibility exceed that of the best synthetic high-performance fibre, Kevlar [2,3], and is even five
times stronger than steel on a weight-by-weight basis [4]. The unique attributes of this silk are
primarily attributed to the presence of the silk protein known as spidroin, underscoring its potential
significance in the development of innovative and advanced biocomposite materials.

Similar to other silk types, a dragline silk thread is packed into two layers—the outer shell and the
fibrillar core-similar to silkworm fibre [5]. It is composed of polypeptide stretches of spidroin that
primarily constitute more than 90% of the fibre core [6]. Each type of spider silk is composed of a
combination of at least two spidroin types that tailor its properties and functions [7]. The physico-
mechanical properties of a dragline silk are influenced by the ratio of two major ampullate spidroins,
MaSp1 and MaSp2 which in general, varies among different species across spider taxa [8]. Spidroin
is a naturally occurring scleroprotein with a substantial molecular mass of up to ca. 660 kDa in its
native state [9]. They are produced in specialized silk glands such as major ampullate and minor
ampullate glands located in the abdomen, and stored as highly concentrated liquid crystalline
granules (dope). The dope undergoes thermodynamic changes as it flows through the spinning duct
during fibre extrusion [10]. In general, the structural organization of spidroin is characterized by three
domain sequences, with a large proportion of an alternating repetitive core domain in the middle,
flanked by the N- and C-terminal sequences. The repetitive core domain plays a major role in
conferring physico-mechanical properties, such as toughness, strength, elasticity, and
supercontraction, to silk fibre, whereas the terminal domains are primarily involved in fibrillar
formation [11].

The N-terminal domain of a spidroin is approximately 150 amino acid region that exhibits pH-
dependent behavior, playing a crucial role in regulating spidroin solubility during storage and fibrillar
assembly [11]. At neutral pH, this domain adopts a monomeric five-helix bundle structure but under
acidic conditions, it undergoes dimerization, hindering aggregation and influencing solubility at
higher concentrations [12]. The pH-dependent transitions in this domain are particularly relevant for
its functions during storage and assembly, ensuring optimal spidroin behaviour within a specific pH
range [12]. Like many secretory proteins, the N-terminus also controls the secretion of spidroins from
silk glands due to the presence of a signal peptide region. The signal peptide is typically located in
the extreme N-terminal region, right after the translational start site, which contains the first
methionine that adopts an a-helical conformation [13]. The N-terminus of spidroin is further
characterized by an unusual abundance of methionine residues in the hydrophobic core, contributing
to the protein's ability to dynamically change shape and optimize its function, as elucidated by Heiby
et al., [14]. Additionally, beyond the common features of spidroin, a non-coding sequence upstream
of the start codon was identified to contain putative transcription promoter motifs, including CACG
(300 bp) and the classic eukaryotic promoter motif TATA (150 bp), as reported by Chaw et al., [15].

Over the years, spider dragline silk has gained recognition as an exceptionally promising
contender for various potential biocomposite applications. The exploration of spider dragline silk in
this context opens up new avenues for leveraging its strength, flexibility, and other remarkable
characteristics in diverse applications within the field of biocomposite, showcasing its potential to
revolutionize and enhance various industries. In recent years, innovations in spider silk technology
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have primarily focused on manipulating dragline silk from araneoid-deinopid (orbicularian) adult
spiders for synthetic silk production, owing to their high performance and outstanding properties
compared to non-orbicularians, such as Crossopriza lyoni. Orbicularians have the ability to construct
orb-type webs. As a result, extensive research has been conducted on the elucidation of three-
dimensional (3D) structure of N-terminal domain of major ampullate spidroins from various
orbicularian species, investigating their structure-function relationship for the production of
recombinant MaSps in heterologous hosts to synthesize artificial spider silk [16]. This emphasis has
led to the neglect of major ampullate silks from non-orbicularians, as they were initially believed to
possess fewer desirable properties [17]. Nevertheless, recent studies have revealed that non-
orbicularian originated silk gene sequences are frequently distinct in their sequence arrangement,
presenting unique characteristics [18]. For example, spidroin from the Syspermiata subgroup exhibits
a distinctive molecular motif pattern in the repetitive region [18]. This signals the potential diversity
of spidroin sequences across spider taxa. To date, few or no studies have been conducted on the
structural prediction of the N-terminal domain of MaSps from any non-orbicularian species.

C. lyoni is a non-orbicularian cellar spider with no economic importance and poses no harm to
humans. Often considered beneficial for pest control, especially against mosquitoes and flies, this
species has long dominated human residences in Malaysia. When their numbers are high, they can
become quite pestiferous due to their extensive webbing. Until now, MaSps in C. lyoni have not been
extensively documented, with only one reported study by [19], highlighting the MaSp amino acid
sequences from mature adults in Malaysia and India. In the present study, the N-terminal MaSp
sequence from prenymph C. lyoni was examined. However, since the characteristics of the spidroin
could not be homologized with that of orbicularians, it is generally regarded as ampullate spidroin
(AmSp) “(Mohtar), unpublished data)”. Spiders exhibit spinning behavior as early as after egg
hatching, but no studies have delved into characterizing the structure of ampullate spidroin from the
prenymphal stage. Thus, as an initiative effort, the present study aims to elucidate the predictive
protein structure of the N-terminal domain of AmSp from C. lyoni prenymph:s.

2. Methodology
2.1 Protein Sequence Retrieval

The N-terminal domain of ampullate spidroin of C. lyoni (GenBank accession number:
WBU86978.1), designated as NT-AmSp was used in the prediction of the protein structure (Figure 1).
The 207 amino acid sequence was previously characterized from the transcriptomes of the whole
body of C. lyoni prenymph “(Mohtar), unpublished data)”. The NT-AmSp (WBU86978.1) consists of
two regions, the N-terminus (Met1-Tyr155) where a putative signal peptide was located between
Met1-Alal9 and the partial repetitive domain (Gly156-Gly2017) at the 3’ end of the sequence (Figure
1). Prior to modeling, the repetitive region was removed yielding a refined NT-AmSp of 155 amino
acid (aa) residues.

>WBU86978.1 ampullate spidroin variant 1, partial [Crossopriza lyoni]
MGWFGAIVVLPLLWNAVIASSSSTLWSNPSLALGFISNLGAYLGNSGVFTGDQISDINDISASISGSINA
YASSGRQSPAMLKALDMAFASSLAEIVASEGGLNIAAQTSAITNSMSQAFASVGLPVDKQFIYEINELIT
MFANDALAASNEVAYGGGSASAAAAAAAGGGGGYGGYGGAGAGAAAAAAAGAGGAGQGGYGQGAGAG

Fig. 1. The amino acid sequence of NT-AmSp from C. lyoni prenymph, revealing two distinct
regions. The N-terminus, highlighted in cream, includes a putative signal sequence
(underlined) at the beginning of the sequence, and the partial repeat domain is marked in
green
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2.2 Protein Structure Prediction

The in silico prediction of NT-AmSp protein structure (155 aa) was performed in a monomeric
state by multiserver approach using three prediction platforms, i.e., SWISS-MODEL
(https://swissmodel.expasy.org/) [20], Phyre2
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) [21] and [-TASSER
(https://zhanggroup.org/I-TASSER/) [22-23]. SWISS-MODEL facilitates homology modeling by
aligning the amino acid sequence of the target protein to known homologous protein templates.
While BLAST is commonly used for sequence alignment, SWISS-MODEL employs a combination of
sequence and structure-based methods. The number of generated models depends on user
preferences, and multiple models can be produced [20]. Phyre2 predicts a target protein structure
through threading with known template proteins using PSI-BLAST based on amino acid sequences in
the Protein Data Bank (PDB). Following secondary structure prediction by PSIPRED, it starts to build
hidden Markov (HMM) model of sequence prior to threading in HMM database of known structures.
It also combines both homology modeling and ab initio methods, generating one top model by
default, although additional models can still be accessed. In cases where a homologous protein
template is unavailable, Phyre2 incorporates ab initio or de novo folding methods [21]. I-TASSER
performs protein threading from the PDB library by LOMETS algorithm and then reassemble the
excised template fragments into full-length by Monte Carlo simulations. When no appropriate
template is identified, it integrates ab initio modeling methods to predict, refine and improve the
model. It ranks multiple structural models and generates five top structures based on the C-score
[23]. All in silico predictions were performed at default settings on each server throughout the
experiment.

2.3 Quality and Similarity Assessments

The quality of each generated protein model was analyzed using three web-based servers:
Protein Structure Analysis (ProSa-web) (https://prosa.services.came.sbg.ac.at/prosa.php) [24],
Qualitative Model Energy Analysis (QMEAN) version 4.3.0 (https://swissmodel.expasy.org/qgmean/)
[25], and Structural Analysis and Verification Server (SAVES) version 6.0 (https://saves.mbi.ucla.edu/)
[26]. The similarity assessment of the three predicted models of NT-AmSp was conducted using
SuperPose version 1.0 (http://superpose.wishartlab.com/) [27]. In brief, the experimentally
determined 3D structure of monomeric NT-MaSp1 protein (ID: 4FBS) was retrieved from the Protein
Data Bank (PDB) (https://www.rcsb.org) and utilized for structural superimposition. The NT-MaSp1
protein from the nursey web spider, Euprosthenops australis, resolved through X-Ray diffraction
method [28], encompasses a complete N-terminal domain of major ampullate spidroin, represented
by only one chain (A) with five helical structures across the amino acid sequence. The superimposed
protein complexes were quantified using the root-mean-square deviation (RMSD) value, and the
structures were visualized with MolScript integrated into the server.

3. Results
3.1 In silico Structural Prediction

The three in silico prediction servers successfully generated a total of 11 monomeric form of NT-
AmSp models: 5 by SWISS-MODEL, 1 by Phyre2, and 5 by I-TASSER. The best models were selected
based on the highest ranks, with Model 1 from SWISS-MODEL and Phyre2, and Model 3 from I-
TASSER, which had the highest C-score of -0.80, being chosen. In I-TASSER, the C-score serves as a
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confidence measure, calculated from the significance of threading template alignments and
convergence parameters of structure assembly simulations. The typical C-score ranges between -5
to 2, where a higher value indicates better model quality. All models from SWISS-MODEL and Phyre2
were predicted within a similar amino acid range, spanning from 21 to 155, as detailed in Table 1,
representing the entire N-terminus domain.

Table 1
Amino acid positions in N-terminal domain of AmSp for each predicted model
Server Model Template Amino acid range Region
SWISS-MODEL 1 7wio.1.A 29 - 146 NT
Phyre2 1 c3Ir6A 22 -145 NT
8gs7A, 7wioA,
8gs7, 3Ir2, 2n3eA,
|I-TASSER 3 8gs7-1, 3Ir8A, 3-148 SP-NT
7a0iA, 7wioA-1,
2IpiA

NT = N-terminus, SP = signal peptide

The 3D protein structure consists of five a-helical bundles across the domain (Figure 2A, 2C and
2E). Both SWISS-MODEL and Phyre2 models heavily depend on the size of homologous MaSp
templates in the PDB, which predominantly encompass the N-terminal domain. Thus, the prediction
occurred in an almost identical amino acid region. However, |I-TASSER, utilizing an ab initio method,
observed an additional a-helical conformation at the extreme end between residues 3 to 19 in Model
3 (Figure 3). This region was previously annotated as the putative signal peptide region of the N-
terminus “(Mohtar), unpublished data)”.

NT-AmSp NT-AmSp X NT-AmSp
A SWISS-MODEL model 1 C PHYRE2 model 1 E I-TASSER model 3

% Hs.li\—l :
[ Helix-1

Protein Hydrophobicity Surface D Protein Hydrophobicity Surface ¥ Protein Hydrophobicity Surface
SWISS-MODEL model 1 PHYRE2 model-1 I-TASSER model 3

o

. V.A

Fig. 2. The selected best models of tertiary structures of NT-AmSp monomer
predicted by (A) SWISS-MODEL (Model 1) and its (B) hydrophobicity surface, (C)
Phyre2 (Model 1) and its (D) hydrophobicity surface, and (E) I-TASSER (Model 3) with
its (F) hydrophobicity surface. The surface representation displays exposed charged
residues, with acidic shown in red and basic in blue



Semarak International Journal of Animal Science and Zoology
Volume 4, Issue 1 (2025) 1-14

Fig. 3. The predicted Model 3 of the NT-AmSp protein
structure by I-TASSER, highlighting an additional a-
helical conformation between Trp3 to Ala19 (enclosed
in a dashed circle with an arrow), representing the
signal peptide region of the domain

3.2 Structural Quality Assessment

The quality of the three selected models was assessed using interactive web servers, namely
ProSA-web, QMEAN, and SAVES version 6.0 (Table 2). The evaluation by ProSA-web and QMEAN was
based on the z-score and QMEANA4 score, respectively. Meanwhile, SAVES version 6.0 assessed the
models using the percentage of ERRAT, Verify3D, residues in the allowed region, and the overall G-
factor. The latter two parameters were obtained from the Ramachandran plot via PROCHECK
program version 3.5. As shown in Table 2, both protein models from SWISS-MODEL and Phyre2
displayed z-scores of -6.47 and -6.91, respectively, falling within the range of experimentally-
determined protein chains.

Table 2
The quality of NT-AmSp predicted models by ProSA-web, QMEAN and SAVES
SAVES v6.0
Total
residues
ProSA MEAN4
Server Model z-rsc::ore (S);:ore ERRAT Verify3D Overall G- inall
(%) (%) factor allowed
region
(%)
SWISS-
MODEL -6.47 -3.46 97.60 48.15 0.08 99.1
Phyre2 1 -6.91 -2.26 92.24 54.84 0.3 100.0
I-TASSER 3 -5.50 -4.70 87.76 49.03 -0.28 100.0

Threshold value of good quality model: ProSA Z-score = -10 to 10, QMEAN4 score = higher score
signifies better quality, ERRAT (%) = residues > 50%, Verify3D (%) = residues > 80%, overall G-factor
=010 -0.5 and total residues in all allowed region (%) = > 90%. ND = not determined.
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In ProSA-web, the z-score indicates the overall model quality and is plotted against the z-scores
of all experimentally determined protein structures (X-ray crystallography and NMR spectroscopy) in
the current PDB. It measures the deviation of the total energy of the protein structure [29]. A z-score
within the range of scores found for native proteins of similar size suggests good model quality, while
a score outside the range signifies a potentially erroneous structure [24]. The acceptable range for
the z-score of native proteins is between -10 to 10, within the space of proteins related to X-ray [30].
Hence, Model 1 by both SWISS-MODEL and Phyre2 and |-TASSER Model 3 are considered to be of
good quality with z-scores of -6.47, -6.91 and -5.50, respectively.

Meanwhile, the QMEAN4 scores of Model 1 by Phyre2 recorded the highest value at -2.26,
followed by those of SWISS-MODEL and I-TASSER, each at -3.46 and -4.70, respectively. The score
measures the overall quality of the protein structure based on geometric values, non-covalent
interactions, and consistency of the structure [31]. It indicates that the higher the score, the better
the quality of the protein structure [31]. Thus, Model 1 by Phyre2 exhibits better quality, followed by
Model 1 by SWISS-MODEL and Model 3 of I-TASSER, accordingly. Further assessments of the three
selected protein models in SAVES v6.0 indicated that their overall quality, as evaluated by ERRAT,
was high. Model 1 of both SWISS-MODEL and Phyre2 recorded scores of 97.60% and 92.24%,
respectively, while Model 3 by I-TASSER scored 87.76%. ERRAT measures the overall quality factor
for non-bonded atomic interactions, where higher scores indicate higher quality. Typically, a score of
more than 50% is accepted as indicative of a high-quality model [32].

Verify3D calculates the compatibility of a 3D atomic model with its own 1D amino acid sequence
to assess the three-dimensional structure. A value higher than 80% generally indicates good model
quality [33]. Nevertheless, all models generated in this study possessed low Verify3D values,
indicating that fewer than 80% of the amino acid residues had an average 3D-1D score 2 0.1 Despite
these lower values, it does not necessarily imply that the models are of low quality. This observation
may be associated with the size of NT-AmSp, which has a length of less than 160 amino acids. While
there is no strict minimum length requirement for a protein in Verify3D, a protein of reasonable
length with sufficient structural complexity is highly recommended. In practice, proteins with fewer
than 50-100 residues may not provide enough structural information for a robust Verify3D analysis,
possibly explaining the lower Verify3D values observed for the models. Hence, the use of Verify3D in
the present study may not be compatible for assessing the 3D structure of NT-AmSp models.

From the Ramachandran plots, the G-factor values for the selected models were computed as
0.08, 0.3, and -0.28 for SWISS-MODEL, Phyre2, and I-TASSER models, respectively (Table 2). The G-
factor assesses main chain bond lengths and angles, and acceptable values typically range from 0 to
-0.5, with higher quality models displaying values close to or slightly below 0 [34]. All NT-AmSp
models, therefore, indicated good quality. In terms of the percentage of residues in the allowed
region, the Ramachandran plot revealed that 95.8% of amino acids in SWISS-MODEL Model 1 resided
in the core favorable region, while the remaining 3.3% were in the additional allowed region (Figure
4A). No residues were observed in the generally allowed region, with less than 1% of residues in the
disallowed region. The quality of a protein structure is generally considered good when the fraction
of non-glycine residues in the outlier region is < 15%, with smaller fractions indicating better model
quality [35]. Considering this criterion, SWISS-MODEL Model 1 is still regarded as of good quality,
despite the observed small residue fraction in the disallowed region. For Phyre2 Model 1, 94.5% of
residues were in the most favorable region, followed by 4.6% and 0.9% in the additional and
generously allowed regions (Figure 4B). Meanwhile, I-TASSER Model 3 showed 87.6% of residues in
the most favorable region, with the remaining 10.2% and 2.2% in the additional and generously
allowed regions (Figure 4C). Predicted protein models with over 90% of residues in the allowed region
are considered of good quality [33]. Hence, the predicted NT-AmSp structures are deemed a good
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model, with 99.1%, 100.0%, and 100.0% of the total residues present in the all allowed region of the
Ramachandran plot as tabulated in Table 2.

Psl (degrees)

- L | IS -
80 13 S0 45 0 $ W 1% 1w JE % s 45 0

NT-AmSp NT-AmSp NT-AmSp
A SWISS-MODEL model 1 B PHYRE2 model 1 I-TASSER model 3

[
E
=
3
-

P idegrees) Phi (degrees) Phi {degrees)
Fig. 4. The Ramachandran plots depicting the backbone dihedral angles of three NT-AmSp
models generated by different modeling tools: (A) SWISS-MODEL, (B) Phyre2, and (C) I-TASSER.
The plots were obtained through PROCHECK analysis on SAVES version 6.0. Over 90% of the
total residues in each model were found within the all allowed regions of the Ramachandran
plot, indicating favorable backbone conformations

3.3 Structural Similarity Assessment

The structural similarity between the selected NT-AmSp models and the experimentally
determined structure of E. australis NT-MaSp by X-ray diffraction (Figure 5A) was analyzed using
SuperPose version 1.0.

PDB NT-MaSpl NT-AmSp NT-AmSp NT-AmSp
A (ID: 4FBS) B SWISS-MODEL model 1 C PHYRE2 model 1 D I-TASSER model 3

Fig. 5. Structural superimposition comparing (A) the experimentally determined N-
terminal domain of major ampullate spidroin (4FBS) from the nursery web spider E.
australis with the best-predicted NT-AmSp models generated by (B) SWISS-MODEL, (C)
Phyre2, and (D) I-TASSER. The crystal models revealed five helical structures (shown in
red) that were reasonably well superimposed with those of NT-MaSp1 (4FBS) in yellow,
with labeled first and last protein residues. The additional helix indicated by the dashed
arrow in (D) did not superimpose with the corresponding region in the PDB NT-MaSp1
structure. An asterisk symbolizes the unmodeled loops between Thr7-Thr11 in this region
(A)
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Superimposition yielded RMSD scores of 2.17, 2.49, and 2.04 for SWISS-MODEL Model 1, Phyre2
Model 1, and I-TASSER Model 3, respectively (Table 3). In the context of comparing different protein
structures, an acceptable range for RMSD values typically falls between 2.0 A to 3.0 A, where RMSD
< 2.0 Ais considered highly similar and >3.0 A indicates less similarity [36]. The relatively low RMSD
values (2.17, 2.49, and 2.04) suggest a high degree of similarity between the 3D structures of C. lyoni
NT-AmSp models and E. australis NT-MaSp, with all five predicted a-helices reasonably well
superimposed (Figure 5B, 5C, and 5D).

While I-TASSER Model 3 was expected to yield a higher RMSD value due to its use of ab initio
methods, its RMSD value remained relatively comparable to that of the template-based SWISS-
MODEL and Phyre2 models (Table 3). However, the additional predicted a-helix between Trp3 and
Alal9 in I-TASSER Model 3 did not superimpose with the corresponding structure in E. australis NT-
MaSp, as the region exists as unmodeled loop in the experimentally determined template (Figure
5D). Both the structural quality and similarity assessments indicate that all three selected best models
for predicting NT-AmSp structures, generated by SWISS-MODEL, Phyre2, and I-TASSER, adhered to
parameter values set by ProSa-web, QMEAN, SAVES, and SuperPose, falling within established
acceptable ranges. However, among the programs in SAVES, only the Verify3D scores did not apply
to all three models due to the incompatibility of the NT-AmSp sequence with a relatively short length
of fewer than 160 amino acids. These three structure prediction servers, employing distinct
algorithms such as homology modeling, threading, and ab initio methods, have successfully produced
in silico protein structures for NT-AmSp with relatively good quality. I-TASSER Model 3 was generated
with the most complete amino acid sequence, exhibiting six a-helices with overall good quality
values. The additional a-helical conformation represents the putative signal peptide region. In
contrast, both SWISS-MODEL Model 1 and Phyre2 Model 1 display five a-helical structures across the
N-terminus domain. The success of these predictions highlights the effectiveness of the employed
modeling approaches in capturing the structural features of NT-AmSp.

Table 3
Superimposition of the predicted models with E. australis NT-MaSp1from PDB
Superimposition of NT-AmSp1 with NT-MaSp1 (4FBS)

Server Model =
(A)
SWISS-MODEL 1 2.17
Phyre2 1 2.49
I-TASSER 3 2.04

A = root mean square deviation (RMSD) value

Many previous studies on the tertiary structure of spidroin N-terminal region have elucidated the
insights of the domain properties and function [11, 37-38]. Using the in silico approach, the tertiary
structure of the monomeric N-terminal domain of the ampullate spidroin from C. lyoni prenymph
was determined through computational tools including SWISS-MODEL, Phyre2, and I-TASSER, which
are based on homology modeling, threading and ab initio methods. The structural prediction of NT-
AmSp was performed on a monomeric basis rather than explicitly considering the homodimer state.
Similar to other NT-domains of major ampullate spidroins, C. lyoni NT-AmSp was predicted to fold as
an up-and-down (antiparallel) globular five-helix bundle (Figure 2A, 2C, 2E) that conforms to the
stereotypical spidroin tertiary structure of five helical domains [11, 13, 39, 40-41]. As expected, all of
the NT-AmSp predicted structures, threaded with high resolution, fit well with the solved MaSp1
from E. australis (4FBS), with RMSD scores ranging from 2.04 to 2.49. This result is consistent with
the predicted structures of the end terminal domains of various spidroins, including the major
ampullate, by homology-based prediction with RMSD scores between 0.38 and 2.5 [41]. The terminal
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domains, including the N-terminus, are evolutionarily conserved, suggesting a highly similar function
across all spidroins [13]. Upon synthesis in the tail of the major ampullate silk gland, the spidroin is
stored as a highly concentrated semi-crystalline liquid protein known as dope in the sac at
physiological pH [42]. At neutral pH, the N-terminal domain adopts a monomeric state with five a-
helical conformations, conferring solubility to the spidroin. A decrease in pH as the liquid protein
travels down to the spinning duct causes the protonation of the carboxylate side chains, leading to
the dimerization of the N-terminus with a pKa of around 6.5. This stabilizes the NT and pulls the
spidroin into a tight network [43]. To date, the N-terminal of spidroin has been observed to remain
highly soluble in its helical form under various conditions [42].

In water-soluble proteins, approximately 35% of the total amino acid residues adopt the a-helical
conformation [44]. This characteristic was consistently observed in all predicted structures of NT-
AmSp in the present study. SWISS-MODEL generated Model 1 of NT-AmSp, featuring five helical
bundles that cover 61.9% of the total amino acids. The alignment with the homologous template,
MaSp1A (7wio.1.A) from Triconephila clavipes [45], revealed the highest sequence similarity of 42.4%
compared to four other models predicted by the server (Table 1). Phyre2 also predicted the top
model, Model 1, with five a-helices covering 65.8% of the total residues. This prediction was based
on alignment with MaSp1 (c3Ir6A) from E. australis [11], sharing 44.0% similarity. Meanwhile, |-
TASSER utilized PSI-BLAST to identify related sequences, with similarity percentages ranging from
29% to 44%.

Subsequently, PSIPRED predicted secondary structures before threading the structures through
the PDB structure library [23]. By integrating the ab initio method, Model 3 was generated,
comprising a total of six a-helices covering 71.6% of the total residues. Notably, these included the
same five helical bundles found in Model 1 by SWISS-MODEL and Phyre2. Surprisingly, the additional
helical structure between Trp3 to Alal9, representing the putative signal peptide region, conformed
to the typical structure of a signal peptide [46]. In many experimentally solved structures of MaSps
using methods such as NMR and X-ray crystallography, the signal peptide region is often modelled as
arandom loop because the region is typically removed during protein translation in epithelial cells of
the silk gland. It is worth noting that I-TASSER in this study stands out as a superior tool over
homology and threading-based servers, providing extensive information on the NT-AmSp structure.
Ab initio method is highly preferable when known template is unavailable [47].

Despite a high proportion of amino acid residues in the predicted a-helical conformations, not all
of these helices are inherently hydrophilic, hydrophobic or amphipathic in nature. An a-helix
represents the most common regular secondary structure in many water-soluble proteins [48].
Depending on the side chain chemical properties of amino acids, the a-helix can exhibit hydrophilicity
or hydrophobicity with high number of polar residues or non-polar residues, respectively [49]. In
some cases, it may display an ampbhipathic characteristic of being partially hydrophilic and
hydrophobic [49]. However, to determine the nature of any of these helices in the predicted NT-
AmSp, in-depth analysis is yet to be conducted. Nevertheless, the a-helices in the predicted NT-AmSp
structures of all Model 1 and Model 3 were generated within similar amino acid regions, with only
slight variations in the number of covered residues across the helix.

The predicted structure of the five a-helices of NT-AmSp are mainly hydrophobic. Helix-1 spans a
range of 17 to 24 residues, with a high hydrophobic amino acid proportion of 66.7%, 58.3%, and
75.0% in Model 1 by SWISS-MODEL and Phyre2 and Model 3 by I-TASSER, respectively. Helix-2, on
the other hand, was predicted in a 23-residual region with a high proportion of hydrophilic amino
acids, constituting 65.2% in all models. Similar to Helix 1, Helix-3 possesses a considerable number of
hydrophobic amino acids, ranging from 18 to 23 residues at 72.2%, 69.0%, and 71.4%, respectively.
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Interestingly, both Helix-4 and Helix-5 exhibit a mixture of hydrophobic and hydrophilic amino acids
in relatively similar ratios, ranging from 47.0% to 55.0% and 45.0% to 52.9%, respectively.

Both helical regions contain 17 to 23 amino acid residues in all models. Exclusively in Model 3,
the a-helix core structure of the putative signal peptide region demonstrates an exceptionally long
stretch of high hydrophobic amino acids, reaching up to 94.1%. It is a common feature found in all
signal peptide motifs [50]. This result is corroborated by the previous hydropathy analysis by Kyte-
Doolittle, showing that the N-terminal domain of AmSp is overall hydrophobic in nature, based on
the calculated value of the grand average of hydropathicity (GRAVY) at 0.49 “(Mohtar), unpublished
data)”. GRAVY measures the hydrophobicity of protein in which positive and negative values indicate
hydrophobicity and hydrophilicity. Similarly, the N-terminal domain of several spidroin types
including tubuliform (TuSp) and pyriform (PySp) were also shown to display high amplitude of
hydrophobicity [51,52]. Nevertheless, the analysis was unable to determine the percentage of
residues buried in the hydrophobic core or hydrophilic residues exposed on the surface of the NT-
AmSp (Figure 2B, 2D, 2F), which may contribute to understanding the orientation of the a-helices.
The nature of the helices will remain vague unless determined experimentally.

From the present study, it can be inferred that the tertiary structure of the N-terminal ampullate
spidroin from C. lyoni at an early developmental stage is highly conserved with that of orbicularian
spiders in the adult stage. It is important to note that while these computational approaches provide
valuable insights, the predictions are static and do not explicitly account for the protein being in a
specific solution state, potentially limiting consideration of dynamic changes that could occur in a
solution environment. In silico prediction tools with diversified algorithms, as used in this study, have
proven beneficial as a preliminary window to provide insights into the three-dimensional structure
of NT-AmSp from C. lyoni prenymph, which can be readily validated through advanced experimental
methods such as Nuclear Magnetic Resonance (NMR) or X-ray Crystallography. With this information
in hand, the predicted NT-AmSp structure can be employed to understand the functional diversity of
the N-terminal domain of spidroin and utilized for the development of a soluble tag for in vitro or in
vivo recombinant protein production [53].

4. Conclusions

The first top-ranked Model 1 by SWISS-MODEL and Phyre2, as well as Model 3 by I-TASSER with
the highest C-score, were selected as the best models for the in silico prediction of the NT-AmSp
structure. The quality of these models fulfils all the assessment parameters for a good model,
including ProSA z-score, QMEAN4 score, percentage of ERRAT and total residues within the allowed
region, overall G-factor, and RMSD values, except for Verify3D values, which were affected by the
sequence's short length. Similar to other N-terminal spidroin domains, the NT-AmSp structure was
predicted with five a-helices, with an additional helix representing the signal peptide region in Model
3. The C. lyoni NT-AmSp sequence exhibited an overall hydrophobic nature, and its structure was
highly conserved with that of orbicularian spiders in the adult stage. The NT-AmSp structure
represents the first N-terminal domain modelled from a non-orbicularian species at the prenymphal
stage.
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