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A trial of web-based method to teach impact of genome variation
on protein structures at high school
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The advancement of genome sequencing technology has unveiled whole DNA sequences of individuals.
Comparison of the genome sequences has uncovered differences among human population which may
relate to the differences in the susceptibility to diseases of each person. The wisdom acquired by the state-
of-the-art technology should be shared in the society, especially among the next generation to advance
their quality of life. We developed an easy-to-use web interface to promote the idea of genome sequence
variation, effect on protein structures and the relationship between the variations and diseases in humans.
We used the web tool in the Super Science High School Program class and assessed the impact of using

the tools for the promotion of understanding among high school pupils.

1. Introduction

Education on cancer was proposed to be included in a curriculum for compulsory school in Japan in
2012 and the report for the methodology was announced in 2016 [1]. The report emphasized the importance
of the accurate knowledge of cancer, its prevention and early discovery with cure. The knowledge should
be disseminated among younger generation to pre-empt or at least reduce the future risk of diseases, thereby
reducing the medical care cost of the society.

The report proposed that the cancer education be introduced in health and physical education (H.P.E.)
[1]. It is natural to include cancer education in H.P.E., because a lifelong health care has already been taught
in H.P.E. However, cancer is a complicated phenomenon and its understanding requires advanced biology
including genetics, immunology, and so forth, hence cancer education is strongly related to biology classes,
too. In the context of biology, cancer can be understood as changes in gene expression levels, in gene
expression patterns, in protein structure and function and in other related phenomena, which are caused by
the changes in genome sequences. The changes in genome sequences may occur by environmental or
hereditary factors. The thorough understanding of these processes, in effect, facilitates the civil
understanding of cancer.

The realization of the ideal education in high school is a tall order. Long hour working of high school
teachers is considered a social problem in Japan. In 2019, more than half of high school teachers were
reported to work overtime. The working hours added up to more than 45 hours per month [2]. Decreasing
the workload of high school teachers is a priority to keep a sound education, or introducing a new task in

the current curriculum is virtually impossible.
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We, therefore, propose a web-based ready-to-use educational material to let the pupils understand the
relationship between change in genome sequences and changes in protein structures by themselves. The
recent worldwide pandemic of COVID-19 emphasized the need of online learning materials in high school,
too. Although in the advanced bioinformatics study, there already are many web tools regarding this topic
such as VaProS [3], most of the web tools are too complicated for high school pupils. Here we report a new

learning tool called Genome Literacy in Education (GLE), available at http://cib.cf.ocha.ac.jp/gle/. The web

tool offers an opportunity to learn the impact of genetic changes in the context of molecular biology and
can help the pupils to understand that the critical role of various genetic conditions in genetic diseases. We
used GLE in a seminar of the Super Science High School Program in the summer of 2021 and assessed the

usability of the tool.

2. Material and Methods
Acquisition of human gene and protein sequence data

In order to focus on proteins familiar to high school pupils, we selected ten human proteins introduced
in a high school biology textbook. Protein coding sequences (CDSs) in DNA which code for the amino acid
sequences of proteins were retrieved from Ensembl database (ver. 104) [4]. Positions of variation on DNA
sequence of each protein were extracted from ClinVar, a database for variations of human genome [5].
Among all the obtained variations on the selected CDSs, we arbitrarily chose ten variations on each CDS
for simplicity. The three-dimensional (3D) structures of the proteins were obtained from PDB;j [6]. The 3D
structure data in PDBj contain multiple protein chains and ligands. The minimum set of protein chains and

ligands which was sufficient to interpret the function of the protein were used in the web tool.

Matching data from different data sources

Correspondence of DNA sequence data obtained from Ensembl, Variation data from ClinVar, and
protein 3D structure from PDBj was made on amino acid sequences. A CDS in Ensembl was conceptually
translated to amino acid sequence. A variation position from ClinVar was mapped onto the CDS and the
nucleotides was altered. The altered CDS was translated to an amino acid sequence and a variant sequence
was obtained. Each variation on CDS was classified into one of the following four categories based on the
changes in amino acid sequences; synonymous variation (no change in amino acid sequence), nonsense
variation (the codon changes to stop codon), missense variation (changes in amino acid residue) and
frameshift variation (insertion or deletion in CDS). All of the frameshift variation resulted in forming a stop
codon close to the variation site and hence the coding sequence was shortened. The obtained amino acid
sequences were aligned to the sequences extracted from PDBj. The 3D structure data of the protein was not
necessarily complete, but some of the parts were often missing, and hence the correspondence should be

carefully checked.

Prediction of protein 3D structures

Based on the correspondence of the amino acid residues between the sequence and the 3D structure,
the 3D structures of original and variation proteins were built. For the 3D structure without variation, if the
original sequence and the sequence in PDBj were identical, then the 3D structure in PDBj was used. If there

were one amino acid residue discrepancy, the region around the discrepancy site was modeled by
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MODELLER (ver. 10.1) [7]. For modeling, the discrepancy site +3 residues at least were modeled and
positions of other residues were fixed. If there were more than one amino acid discrepancy, the whole
structures were modeled using ModWeb [7].

The protein structure modeling software can deduce the structure of the protein, yet the stability of the
protein should be assessed independently. The structural stability of the variant proteins was assessed by
PremPS [8] before modeling the structure. A variant sequence with AAG > 1.0 kcal/mol, where AAG is a
difference of unfolding Gibbs free energy between the original and the variant proteins, was considered not
to be stable enough to fold. Out of missense variations, sequences that passed the criterion above were
modeled by MODELLER [7] on the original 3D structure. The quality of deduced 3D structure was further
evaluated based on the structural change from the template structure. If the backbone root mean square
deviation was less than 1.0A, the variation was considered to cause no big structural change. For nonsense
and frameshift variations, the quality of the structure was assessed by ProSA [9]. ProSA checks the
reliability of the structure by checking the compatibility of the modeled structure with the experimentally

solved protein 3D structures in the public database.

Data integration and presentation in Genome Literacy in Education

The data prepared above were integrated in a single web tool named Genome Literacy in Education
(GLE) as shown in Figure 1. Each protein was presented with three types of biological information: the
nucleotide sequence that codes for the protein, the amino acid sequence, and the 3D structure in a single
window. A variation can be selected by a pull-down menu on the nucleotide sequence viewer. When a user
chooses a variation, an alignment between the variant and the original amino acid sequences is shown inside
the amino acid sequence box. The variant and original structures are displayed in the structure box. The 3D
structure of the protein is drawn by NGL viewer (ver. 0.10.4-1) [10]. The protein is shown in ball-and-stick
model colored in standard atom color, and a backbone trace is emphasized in ribbon model in cobalt green.
The backbone of the altered amino acid residues is colored in pink. The atoms of the altered amino acid
residues are shown in ball-and-stick model with greater radius. Molecules that coexisted in the protein

structure database are copied as is and are displayed in color different from green and pink.
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Figure 1. The architecture of Genome Literacy in Education (GLE), a web tool to visualize the effect
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of variation on genome in protein structure.

3. Results and Discussion
Proteins in GLE

NSR. O., Vol. 73

The proteins selected for GLE are shown in Table 1. The crystal structure of collagen a-3(IV) was a

chimeric protein of three different proteins including the transcript of COLA43. This protein chain was

divided into three independent chains. A structure of keratin, fibrinogen f chain and thyroxine-binding

globulin included one amino acid residue site that was occupied by different amino acid type from the one

in translated sequence, and hence the original structure was modeled. For actin and rhodopsin proteins,

since there were no 3D structures of the proteins derived from Homo sapiens, the structures were modeled

based on the structure derived from different organisms. The 3D structure data in PDB;j rarely had the

coordinates of hydrogen atoms and therefore, atoms shown in GLE were limited to non-hydrogen atoms.

Table 1. Genetic and structural data used in GLE

Protein Gene Interacting Molecule Ref.
Actin (N.A.) ACTAL (1578.1) - 11
Breast cancer type 1 | BRCAI1 (11453.1) BRCAl-associated RING domain
susceptibility protein (1JM7) protein 1, Zn?* 2
Catalase (1F4J) CAT (7891.1) Protoporphyrin IX 13
Collagen a-3(IV) (6WKU) COLA4A3 (42829.1) Collagen a-4(IV), Collagen a-5(1V) 14
Fibrinogen P chain (3E11) FGB (3786.1) Fibrinogen o chain, Fibrinogen vy s

chain, Ca*

Haemoglobin o subunit HBAT (10399.1) Haemoglobin f subunit, 6
(4HHB) Protoporphyrin IX
Insulin (1GUJ) INS (7729.1) - 17
Keratin, type I cytoskeletal | KRT10 (11377.1) Keratin type II cytoskeletal 1
10 (6UUI) '
Rhodopsin (N.A.) RHO (3063.1) - 19
Thyroxine-binding globulin | SERPINA7 (14518.1) | 3,5,3',5'-tetraiolo-L-thyronine
(2XNo6) 20

Parenthesis in Protein refers to ID of PDB;j and that in Gene to consensus coding sequence code in NCBI.

N.A. indicates that there is no corresponding ID.

GLE interface

GLE was developed for the Japanese high school pupils to learn the relationship between the genome

variation and the change in protein structure/function (Figure 2). A user can select one of the ten proteins

that are familiar to Japanese high school pupils on the top menu, and observe the nucleic acid sequence,

amino acid sequence and 3D structure of those proteins. A user can change nucleotides in the given
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sequence at the top of the interface, and observe the changes in amino acid sequence and protein structure
at the bottom of the interface.

The number of variations displayed in GLE was limited to ten in each protein. In ClinVar, there were a
huge number of variations, even in the coding region of the genome in each protein. For example, in human
actin proteins, there were more than 800 variations including the ones on homologous proteins [21]. When
all these variations were compiled, the display became too complicated and the web tool was unlikely to
meet the goal. Therefore, we randomly selected the variations and limited the number to ten to assure an

easy use of the interface to high school pupils.

Evaluating GLE

The usefulness of GLE was tested in an online seminar for high school pupils in 2021. We used GLE
for the explanation of the relationship between genome variation and protein structure changes. GLE
apparently helped pupils understand the relationship through the central dogma of molecular biology.
Throughout the seminar, 14 out of 15 pupils mentioned that using GLE made their learning much easier
compared to the situation without interactive online learning material. This result suggests the usefulness
of GLE to promote understanding of the central dogma and the impact of changes in genome sequences

which may result in hereditary diseases.
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Figure 2. A snapshot of GLE. Actin protein is examined on the tool.
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The use of GLE for cancer education

GLE can be one of the supporting materials for cancer education in high school. GLE best depictures
the connection between the changes in nucleotides and amino acid residues. BRCAL1 in GLE is one of the
genes strongly associated with hereditary breast and ovarian cancer. Variations of nucleotides on BRCA1
gene may cause cancer [22]. Most of the variations stored in GLE for BRCA1 were annotated as pathogenic
variations in ClinVar [5] with only one exception which is a variation found in healthy population. Selection
of the first variation closest to the 5' terminus of the DNA sequence immediately tells that the amino acid
sequence is truncated and half of the 3D structure of the protein is lost. This process of analysis intuitively
makes the pupil recognize that something unusual may happen by the nucleotide variation. Since the
variation is strongly correlated with breast-ovarian cancer patients, the pupil can imagine that the unusual
phenomena caused by the variation results in the disease. The causality between the variation and the
disease cannot be taught only with GLE, but the hypothesis can be nurtured in pupils which will be a starting

point to learn the detail of molecular biology of cancer.

4. Conclusion

We built GLE, a web tool that visualizes the genetic variations and their impacts on protein structures
for high school pupils. GLE included ten different proteins which are familiar to them. For each protein, a
set of biological information, namely, coding sequence, amino acid sequence and protein 3D structure was
shown with at most ten variations. The usefulness of GLE was confirmed in the online seminar. We showed
that the web tool can facilitate teacher-friendly cancer education class focusing on its molecular basics. We
will have a roadmap to increase the number of proteins in GLE, once we have positive feedback from high

school pupils and teachers.
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