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ABSTRACT

Background: The Schistosoma parasite is responsible for several overlooked tropical diseases,
which cause significant economic losses in livestock. This parasite is increasingly found in the central
areas of the northern provinces of Iran. To generate an effective treatment, it is crucial to understand
thoroughly how the parasite’s genes work. Currently, the roles of numerous genes in these parasites
are unknown, so their identification and targeting of them are challenging. Conventional techniques
for assigning functions to proteins depend on the similarity of their sequences. Yet, this method does
not always recognize similarities between distantly related proteins. Research has shown that taking
the protein’s structure in the process of predicting its function can be helpful in pinpointing proteins
whose functions are not known yet.

Materials and Methods: In our study, we utilized two advanced technologies, AlphaFold and
Foldseek, to deduce the functions of theoretical proteins in the Schistosoma parasite. We accomplished
this by contrasting the structure of Schistosoma proteins with those of Caenorhabditis elegans, a
closely related model organism, using Foldseek to identify reciprocal best matches. Our research
involved an in-depth examination of two specific predictions, evaluating evidence for functional
resemblances, such as patterns of protein interactions and similarities in functional domains.

Results: Our results indicate that one of the analyzed genes is likely involved in embryogenesis, while
the other might be connected to the egg-laying process of the Schistosoma parasite.

Conclusion: Function of some hypothetical proteins can be inferred bases on their structural
similarities to annotated proteins, especially proteins with a low sequence similarity to annotated
proteins.
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Introduction

chistosoma genus comprises a broad para-

sitic worm with a significant impact on

human health, livestock, and agricultural

production, causing economic instability

in various places, especially in developing
countries. The 2021 World Health Organization (WHO)
estimates show that at least 251 million people are at
risk of disease exposure and need preventive measures
whose implementation can reduce the complications and
symptoms of this parasite over several years [1]. Trans-
mission of Schisfosoma has been reported in 78 coun-
tries worldwide, while effective treatment measures have
been followed in just 51 countries [1].

Schistosoma has a complex life cycle that relies on sev-
eral organisms. Schistosoma larvae are released into the
water by infected snails that live in freshwater [2]. After
host contact with contaminated water, the larvae pene-
trate the skin, mature inside the body, and live inside the
vessels. The female Schistosoma starts spawning, some
of which are excreted in the urine or feces, and some
remain in the body tissues, leading to the host’s immune
system reaction and increased damage to the host [2].
If the urine or feces of an infected host gets into fresh
water, the eggs are released into the water, penetrating
the snails’ bodies and starting the next stages of their de-
velopment. Finally, infected snails release Schistosoma
larvae into the water, completing the cycle [3].

Infectious diseases caused by Schistosoma are known
as schistosomiasis and are relatively common in Asian
and African cattle [2]. Although the clinical symptoms
of this disease are not severe, its high prevalence causes
a significant impact on the growth and efficiency of live-
stock production [2]. In addition, this parasitic infection
increases the possibility of getting infected with other
parasites or bacterial diseases. That is why cattle infected
with this parasite face a price drop [2].

During 2012-13, after reports of heavy losses of some
sheep in the central district of Mazandaran Province, the
Iran Veterinary Organization identified Schistosoma par-
asites in animals with high losses [4]. In the mentioned
Study, 21% of the infected sheep died. The same study
showed that female sheep’s loss rate is higher than male
sheep’s [4].

Reports show that 19 different strains of Schistosoma
can cause disease in animals, of which 8 are more impor-
tant [2]. Schistosoma bovis has a relatively high preva-
lence among different strains in the Middle East [2]. This
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parasite has male and female genders, and its various
strains can mate with each other. Reproduction of patho-
genic strains with pathogenic strains in humans has also
been observed in vitro [2].

The WHO considers schistosomiasis a neglected tropi-
cal disease, meaning that research on this disease is insuf-
ficient. Since this parasite is relatively far from model
organisms in the phylogenetic tree, many unknowns ex-
ist. For non-model organisms, the most common ways
of functional annotation of genes are exploring the simi-
larity of the protein sequences of genes with annotated
proteins in other organisms [5]. In particular, two com-
mon methods for predicting gene function are sequence
signature prediction with the InterProScan tool [6] and
identifying the orthologous relationship of a gene with
the genes of model organisms [5]. Despite the usefulness
of'these tools, if the protein sequence in one organism dif-
fers significantly from its homologs in other organisms,
these tools lose their power.

The tertiary structure of proteins is more conserved
than their sequence, so in some cases, even though two
homologous proteins lack significant sequence similari-
ty, both have substantial structural similarity [7]. For this
reason, the structure of a protein provides researchers
with new clues about its function. Until recently, the use
of structure for function prediction was not very popular,
mainly because of the small number of experimentally
resolved protein structures. Until 2020, the most com-
mon structure prediction methods were based on ho-
mology modeling with experimentally resolved protein
structures. These methods are known as template-based
modeling. Due to the nature of these methods, they are
not accurate enough to predict the structure of proteins
whose similar proteins’ structures have not been experi-
mentally resolved. Despite these limitations, it has been
shown that the protein structures predicted by template-
based modeling methods can be useful for functional an-
notation [8].

AlphaFold, developed by Google DeepMind, was the
first program to predict the structure of proteins with the
same accuracy as experimental methods [9]. AlphaFold
has little reliance on sequence similarity to the experi-
mentally resolved protein structures, and the program’s
GitHub claims that the accuracy of the predicted struc-
tures does not change significantly if it works indepen-
dently of the template structures. To predict the struc-
ture, AlphaFold first finds the homologous sequences to
the query protein sequence and does multiple sequence
alignment of all hits [9]. In the next step, AlphaFold
predicts the distance between amino acids based on the
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covariation of amino acids in homologous sequences,
assuming that strongly covarying amino acids are close
to each other in the tertiary structure of the protein [9].
In other words, AlphaFold predicts the distance of amino
acids to predict the structure. AlphaFold can predict how
two proteins fold next to each other with the same ratio-
nale, which can help infer protein-protein interaction, a
capability introduced in AlphaFold-multimer [10].

As mentioned earlier, AlphaFold relies on multiple se-
quence alignments for structure prediction, but Alpha-
Fold was not the first method to use sequence alignment
for structure prediction. Previously, models such as Rap-
tor-X used sequence alignment to predict the structure
[11]. Still, none were as accurate as AlphaFold, whose
credit goes to the efficient use of artificial intelligence
and its branches, such as deep learning in structure pre-
diction. In AlphaFold, a new type of neural network
named Evoformer was used, establishing a connection
between sequence alignment and structure using the at-
tention mechanism [9]. Attention-based mechanisms in
machine learning displayed significant success [12].

AlphaFold first needs to find homologous sequences of
the query sequence to predict the structure. The default
AlphaFold method to find similar sequences is com-
putationally heavy and time-consuming. Shortly after
introducing the AlphaFold, scientists presented a modi-
fied version, known as ColabFold, that is faster than the
original version; it uses more optimized methods of se-
quence searching [13].

If there are not enough homologous sequences of
the query sequence in the databases, AlphaFold can-
not predict the structure accurately. ESMFold [14] and
OmegaFold [15] are programs based on large language
models and can predict protein structure without finding
homologous sequences. The accuracy of these programs
in routine structure prediction tasks is slightly lower than
the accuracy of AlphaFold. Still, they can be run at a
lower computational cost, and their lack of reliance on
homologous sequences increases their range of applica-
tions. For phylogenetically remote sequences with lim-
ited homologous sequences, ESMfold and Omegafold
are more accurate than AlphaFold [14, 15].

To predict the function of the query sequences, it is
necessary to find structurally similar annotated proteins
after having the structure in hand. Foldseek is a struc-
tural alignment program whose speed is thousands of
times faster than alternative tools [16]. A combination
of AlphaFold and Foldseek can be used on a large scale
for functional annotation based on structure. Ruperti et

Res Mol Med, 2022; 10(4):225-234

Y

Research in Molecular Medicine

al. used the combination of Foldseek and AlphaFold to
predict the function of proteins in a marine sponge [17].
First, they found the closest protein structures to sponge
proteins in model organisms using Foldseek and then at-
tributed the function of the proteins in the closest hit’s
orthology group. Their findings showed that functionally
annotated genes can increase to 50% if protein structures
are used for their workflow rather than protein sequences
[17].

In another study, it was reported that using Foldseek in-
stead of BLASTP to find reciprocal best-hit relationships
between proteomes of two organisms can uncover new
orthology relationships, which in turn can be employed
for functional annotation of the proteins [18].

In this study, we aimed to predict the function of some
hypothetical genes in the Schistosoma parasite based
on the orthology of its proteins to the proteins of Cae-
norhabditis elegans, the closest model organism to
Schistosoma. To this end, we predicted the orthology
relationship by finding the reciprocal best structural hits
between the structures of the organisms’ proteins. Next,
the function of the annotated proteins in C. elegans was
attributed to their orthologs in Schistosoma. As a case
study, we have provided evidence supporting the pre-
dicted functions.

Materials and Methods

Among different Schistosoma strains, the structure of
the proteome of Schistosoma mansoni has been predict-
ed by AlphaFold. Accordingly, it was used for functional
annotation purposes in this study. The fourth version of
protein structures was downloaded in tarred format from
the AlphaFold website [19]. Tarred files included struc-
tures in both PDB and mmCIF formats. Structures in
mmCIF format were removed, and PDB structures were
tarred again. All processes were done in Ubuntu 18.04.
Foldseek was run with the “rbh” option for reporting the
reciprocal best hits between two proteomes. The scripts
used for this study are available at github.

Gene ontology data for S. mansoni and C. elegans were
retrieved from UniProt by specifying the taxonomy ID in
the search bar. The taxonomy IDs of S. mansoni and C.
elegans are 6183 and 6239, respectively. The retrieved
data was downloaded in tsv format. For functional do-
main inspection, the domains predicted by Pfam that are
accessible on the InterPro website [20] were used.

ColabFold was used to predict the interaction of two
proteins. The number of recycles was set to 3, and the
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latest version of AlphaFold parameters was utilized for
the structure prediction. TM-align was used to compare
the structures of two proteins, which are available on the
RCSB website [20].

Results

AlphaFold contains 13865 predicted structures for S.
mansoni and 19694 for C. elegans. AlphaFold reports its
confidence estimate for each amino acid with pLDDT,
which is a number between 0 and 100, and higher values
indicate a higher confidence level. Figure 1A shows the
distribution of the “mean of pLDDT for each protein”
for both S. mansoni and C. elegans. Figure 1B displays
the distribution of the fraction of amino acids in each
protein with a pLDDT below 50.

Foldseek could establish the reciprocal best-hit rela-
tionship for 3341 protein pairs in C. elegans and S. man-
soni. Among the pairs, 182 pairs had a bit score below
100. The distribution of sequence identity for the hits is
shown in Figure 2.

Among the established relationships, 193 relationships
were made by hypothetical proteins in S. mansoni. Of
the hypothetical proteins, 36 lacked predicted molecu-
lar functions, even though their counterparts in the C.
elegans worm had known functions. Similarly, for 60
proteins, the biological pathway was unknown, and for
another 60, their final cellular location remained uniden-
tified despite this information being available for their C.
elegans counterparts.

As a case study, we looked deeper at the predictions
made for two uncharacterized proteins of S. mansoni.
The availability of orthogonal data for function verifica-
tion has been the rationale for selecting proteins.

A)
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Figure 1. Comparing pLDDT values for S. mansoni and C. elegans
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AO0A5K4FEN7 is probably involved in embryo-
genesis

The protein AOASK4FEN7, which is known as the
“uncharacterized protein” in S. mansoni, is the recipro-
cal best match with protein Q21194 “described as a gua-
nine nucleotide exchange factor rei-2” in C. elegans. The
structure and predicted aligned error figure of AOASK-
4FEN7 are shown in Figure 3. Figure 4 shows the struc-
tural alignment of AOASK4FEN7 with Q21194. Accord-
ing to the UniProt database, both proteins have a Pfam
family of SH3 domain-binding protein 5 (SH3BPS5). The
4 alpha helices shown in Figure 4 are the domain-con-
taining regions of both proteins.

Q21194 protein contributes to the embryogenesis and
cell division in C. elegans by regulating the distribution
of the Rab 11.1 gene (UniProt ID O01803). Our data
show that the reciprocal best match of 001803 in S.
mansoni is AOASK4F920. Since the function of Q21194
is dependent on its interaction with 001803, to confirm
the prediction further, the interaction of these two pro-
teins in the C. elegans and the S. mansoni was predicted
and compared using ColabFold. The results show that
the ipTM values for two proteins in C. elegans and S.
mansoni parasite are 0.728 and 0.802, respectively.

Four alpha helices found in both proteins are similar to
each other. The same Pfam domain has been predicted
for the same region of the proteins. The TM-score of the
alignments is 0.51.

AOA5K4FO0A?7 is likely to be involved in a neu-
rotransmitter synthesis process

AOASKA4FO0A7 in S. mansoni and Q9XTQ6 in C. el-
egans are the best reciprocal hits. The AlphaFold pre-
dictions are shown in Figure 5. AOASK4F0A?7 protein is

B)

Density

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of amino acids with pLDDT less = 50

Z/mMm

A) The distribution of the mean pLDDT for each protein, B) The distribution of the fraction of amino acids with pLDDT below 50
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Figure 2. The distribution of sequence identity of Foldseek hits 25mm
described as an “uncharacterized protein” in S. mansoni, binding to the divalent copper ions. Similar domains
while Q9XTQ6 is described as “tyramine beta-hydroxy- are also present in AOASK4F0A7. Furthermore, the
lase” in C. elegans. PROSITE patterns (accessible through the InterProl

website) [6] show that both AOASK4F0A7 and Q9X-
The structural alignment of AOASK4F0A7 and Q9X-  TQ6 contain the PROSITE pattern (ID: PS00084) de-
TQ6 is shown in Figure 6. Studies have shown that this scribed as “copper type II, ascorbate-dependent mono-
protein is needed to convert tyramine to octopamine, a oxygenases signature 1.”
neurotransmitter [21]. Q9XTQ6 has two domains for
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Figure 3. Alphafold predictions for AOASK4FEN7
A) Predicted structure, B) pAE plot the residues are colored based on pLDDT

Note: Low values are shown in orange/yellow, and high values are displayed in blue. The photos were retrieved from
the AlphaFold website.
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Figure 4. The structural alignment of Q21194 (orange) with AOASK4FENY (blue) shows the structural alignment of AOA5K-
4FEN7 with Q21194

Note: According to the UniProt database, both proteins have a Pfam family of SH3 domain-binding protein 5 (SH3BP5). The 4
alpha helices are the domain-containing regions of both proteins.
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Figure 5. AlphaFold predictions for AOA5K4F0A7 2[mm
A) The predicted 3D structure, B) The pAE Plot

Note: The photos were retrieved from the AlphaFold website.
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ZHmm

Figure 6. The structural alignment of Q9XTQ6 (orange) with AOA5K4F0A7 (blue)

Note: The TM-score of the alignment is 0.75.

Discussion

The direct comparison of pLDDT distribution for S.
mansoni and C. elegans proteome (Figure 1) shows
that the C. elegans structures have a higher confidence.
Figure 1A illustrates that the mean confidence score is
generally lower for S. mansoni. Figure 1B demonstrates
that in S. mansoni, a higher fraction of each protein has
a lower confidence score than C. elegans. As mentioned
in the introduction, AlphaFold relies on sequence align-
ment of the query protein with its homologs for the struc-
ture prediction. As S. mansoni is a non-model organism,
we expect a relatively smaller number of homologous
proteins to be available than C. elegans, which might
have lower confidence scores.

Figure 2 shows most established relationships have less
than 30% sequence identity. If such relationships were
established with sequence alignment tools, they would
have been in a twilight zone and could not be used reli-
ably [22]. On the other hand, according to the Foldseek
reports, proteins with a bit score above 100 most likely
belong to the same structural superfamilies, showing
that most established relationships are highly confident.
Therefore, this study exemplifies the higher performance
of the structural alignment tools compared to sequence
alignment tools for establishing the reciprocal best-hit
relationship.

Res Mol Med, 2022; 10(4):225-234

Considering the precise position of each amino acid,
the pAE plot shows how well we can predict the location
of other amino acids with respect to the query residue. If
two amino acids are part of a rigid globular domain, their
pAE would be zero, as shown by dark green color in
PAE plots (Figures 3B and 5B). According to the defini-
tion, AOASK4FEN7 contains a globular N-terminal do-
main and an unstructured turn, shown in a spaghetti-like
stand in Figure 3B. The globular domain corresponds to
the 4 helices shown in Figure 3A. The rest of the pro-
tein does not fold into a rigid domain. As mentioned, the
Pfam predicted domain also coincides with the domain
inferred from the predicted 3D structure. For AOASK-
4F0A7, the pAE plot shows a big central domain and
two tiny non-domain structures in N and C-terminals
(Figure 5B). Both non-domain structures have a low
confidence score, as shown by the orange and yellow
colors in (Figure 5A).

The TM-scores of AOASK4FEN7 and AOASK4F0A7
with their corresponding hits are above 0.5, showing that
both hits are highly similar. The ipTM shows the reliabil-
ity of interaction prediction, and values higher than 0.5
are considered significant. Given the high structural sim-
ilarity of AOASK4FEN7 with Q21194, the similarity of
the domains, the existence of its interacting protein in S.
mansoni, and the high confidence interaction of AOASK-
4FEN7 with its partner, AOASK4F920, we proposed that
AOASKA4FENT7 has the same function as its counterpart
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in C. elegans and contributes to embryogenesis and cell
division.

For AOASK4F0A7, above domain similarity and high
structural similarity (TM-score=0.75) with its best recip-
rocal hit (Q9XTQ6), both AOASK4F0A7 and Q9XTQ6
contain the identical PROSITE pattern. PROSITE pat-
terns are relatively short patterns summarizing the con-
served patterns observed in the active site of enzymes.
For AOASK4F0A7, the PS00084 has been predicted
whose pattern is “H-H-M-x(2)-F-x-C,” meaning that
the active site should contain “histidine-histidine-methi-
onine-x-x-phenylalanine-x-cysteine,” where x could be
any amino acid. This pattern has been predicted on 294-
301 of AOASK4FO0A7, suggesting that not only the over-
all domain sequence but also the active site pattern is
conserved. Given all this information, it is proposed that
AOASKA4F0A7 is probably involved in the egg-laying
process of Schistosoma parasites. Considering the im-
portance of the egg-laying process for the survival of its
generation, knocking down AOASK4F0A7 with RNAi
is suggested to see if its knockdown could stop the para-
site’s reproduction.

Conclusion

Our results show that for 193 uncharacterized proteins
in S. mansoni, the reciprocal best hit in C. elegans can be
found using structural similarity. Two of such proteins
were further studied. In both cases, proteins in S. man-
soni and their counterparts in C. elegans were annotated
with identical Pfam domains. Q9XTQ6 is involved in
regulating the distribution of Rabll.1 in C. elegans.
Our data show that AOASK4F0A7, the counterpart of
QI9XTQ6 in S. mansoni, also interacts with the ortholog
of Rabl11.1. Besides, our data suggest that according to
structural similarity, domain similarity, and having iden-
tical sequence signatures with Q9XTQ6, AOASK4F0A7
might be involved in the egg-laying process of Schisto-
soma.

In summary, our results show that protein structures can
be used to predict the function of hypothetical proteins in
less-studied organisms. Besides, the protein-protein in-
teraction prediction using AlphaFold can help validate
the predicted functions. In future studies, we would like
to explore the knocking down of AOASK4F0A7 and its
effect on the egg-laying of the S. mansoni.
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