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Featured Application: In this work, we designed a new method of data mining, implemented as
a free web application, and a novel protein analysis called chromosome walking, which together
enhance the information retrieved from protein databases and ensure better exploitation of the
huge amount of data collected in protein and genome databases for new potential translational
and clinical applications.
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Abstract: Notwithstanding the huge amount of detailed information available in protein databases, it
is not possible to automatically download a list of proteins ordered by the position of their codifying
gene. This order becomes crucial when analyzing common features of proteins produced by loci or
other specific regions of human chromosomes. In this study, we developed a new procedure that
interrogates two human databases (genomic and protein) and produces a novel dataset of ordered
proteins following the mapping of the corresponding genes. We validated and implemented the
procedure to create a user-friendly web application. This novel data mining was used to evaluate
the distribution of critical amino acid content in proteins codified by a human chromosome. For this
purpose, we designed a new methodological approach called chromosome walking, which scanned
the whole chromosome and found the regions producing proteins enriched in a selected amino acid.
As an example of biomedical application, we investigated the human chromosome 15, which contains
the locus DYX1 linked to developmental dyslexia, and we found three additional putative gene
clusters whose expression could be driven by the environmental availability of glutamate. The novel
data mining procedure and analysis could be exploited in the study of several human pathologies.
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Genomic databases are widely used not only to extract information about genes,
but they also provide the gene position on chromosomes, which is useful when entire
regions of chromosomes are analyzed. Neighboring genes can be studied as a whole
entity in several circumstances. For example, many gene clusters have been described and
their analysis suggests that a set of adjacent genes can be functional. Benefits for gene
clustering include co-inheritance, co-transcriptional regulation in the presence of a similar
chromatin environment as well as a coordinated handling of post-transcriptional processes
such as export for protein synthesis and compartmentalization [1–3]. Other examples
of analysis that consider large regions of chromosomes are the genome-wide association
studies (GWAS) and the linkage disequilibrium studies, which have identified loci related
to disorders or pathologies [4–7].
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In all cases, it is important to know the mapping of genes in clusters, loci, or specific
regions of the chromosome, in order to analyze their relationships. Unfortunately, the
same ordered list of the corresponding codified proteins is not easily retrieved from protein
databases. The most used protein database, UniProt Knowledgebase (Uniprot), gives information on human proteins without ordering based on gene position. This lack means that
without the ordered list of proteins codified by gene clusters, loci, or other specific regions,
it is difficult (and impossible on a large scale) to analyze common features of the products
of genes, such as amino acid content. Indeed, we have recently demonstrated that the proteins codified by two gene clusters show a significantly lower ratio glutamate/glutamine
compared with the nearby regions of the same chromosome [8].
The aim of this work was to create a new procedure that interrogates two databases
(genomic and protein) and matches the results in order to produce a novel dataset in which
the human proteins are ordered following the mapping of the corresponding genes on
the chromosome, together with their amino acid composition. The novel dataset provides
details on the position of the codifying gene and on the amino acid (AA) sequence and
length of the translated protein.
Furthermore, we propose a novel analysis of amino acid content of proteins mapped
on chromosomes by our new procedure. As an example of application, we investigated the
proteins codified by chromosome 15, which contains a locus harboring candidate dyslexia
susceptibility genes.
2. Methods
2.1. Building a Novel Dataset: The Ordering Procedure
The procedure proposed in this study matches the results of queries creating a novel
dataset in which the human proteins are ordered by the position of the corresponding
genes on the chromosome. The manual procedure is described in Supplementary Methods
for replicability and details of data, metadata, datasets, methods, and rules to join tables,
useful to extract the information for our research.
The two databases searched are UniProt (https://www.uniprot.org/ (accessed on 16
February 2021)), the central hub for the collection of functional information on proteins
(https://www.uniprot.org/help/uniprotkb (accessed on16 February 2021)) [9] and Ensembl (https://www.ensembl.org/index.html (accessed on 16 February 2021)), a genome
browser for vertebrate genomes [10]. The queries in UniProt allow the download and analysis of all proteins codified by the same chromosome. Ensembl genomic complex datasets
can be retrieved using the Biomart data-mining tool [11] (http://www.ensembl.org/
biomart/martview/ff9ecfb63b2cf534ed20a16879eaebb8 (accessed on 16 February 2021))
based on Ensembl Genes 98 (June 2019) and human genes GRCh38.p13.
Briefly, the UniProt Table gives all the information about proteins, including length
and amino acid composition, but without reference to the position of the coding gene on
the chromosome. The construction of the chromosome table using Biomart requires first the
selection of some attributes and the creation of a new dataset called Biomart Table. Then,
the columns of the Ensembl table were manipulated to obtain a new table comparable with
the UniProt table, called Biomart Elab Table. Finally, we matched the information from
UniProt and Ensembl, building a new table called the Canonical Table, which gives a list of
proteins ordered by gene position and supplies their amino acid content.
Figure 1 outlines the whole procedure.
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The error rate was calculated as follows: (the number of UniProt sequences subtracted
by the number of sequences in Canonical table) divided by the number of UniProt sequences.
The outcomes are reported in Table 1.
Table 1. Rate of protein loss in each chromosome.
Number of Sequences
Chromosome
1
14
15
21

UniProt

Canonical Table

1982
700
567
221

1929
658
552
211

Error Rate
0.0267 ~ 3%
0.0600 ~ 6%
0.0264 ~ 3%
0.0264 ~ 4%

We conclude that the protein loss from the Uniprot table to the final Canonical table is
limited even in the largest chromosomes, thus demonstrating the accuracy of our procedure
that obtains a list of proteins roughly corresponding to the list of proteins given by the
Uniprot database, but ordered by their position on chromosomes.
3. Results
3.1. One Application of the Novel Dataset Obtained in Canonical Table: The Walking Procedure
One aspect of the proteome not yet investigated is the importance of AA composition
in terms of the relative abundance of single amino acids in human proteins. Proteins
sharing similar percentages of critical AA could be translated in the same conditions or
even simultaneously because of the availability of the AA. We set out to verify whether
the content in amino acids of the proteins codified by a certain chromosome shows a
non-random distribution. In fact, some regions of a chromosome could codify for proteins
enriched in few AA; we could define these spots as environment-driven gene clusters,
because their translation would be dependent on and synchronized by AA availability.
Because the Canonical table provides information about the gene/protein position
in each chromosome as well as AA composition, we can investigate the content of single
amino acids of proteins translated along the whole chromosome, and we devised a new
procedure defining the distribution of a chosen amino acid, called walking procedure. We
used the columns of the canonical table to extract useful additional information, and we
created new supplemental columns which were used as input for the walking procedure.
The steps to construct the new table are listed below.
The column “sequence”, containing the canonical UniProt protein sequence, and the
column “length”, containing the length of the protein sequence, were used to calculate
the absolute content and relative frequencies (% of the total) of the AAs of each protein,
generating one new column for each AA.
The walking procedure was applied to the columns of amino acids absolute content.
We carried out a frameshift, counting in each frame the number of proteins enriched in a
selected AA. In short, we moved alongside the chromosome, and we checked whether the
content of a chosen AA was changing among the proteins of that segment.
The first block analyzed went from the first element (relative to the first protein
codified by the chromosome), which we called SBe (Start Block element), to the twenty-fifth
element in the column AA absolute content, which we called FBe (Final Block element).
The length of the block LB was twenty-five.
The software counts how many proteins have an absolute value of a certain amino acid
greater than a fixed threshold T. The resulting number is written in a new column named
Surfing E at position FP (First Position). Next, we shift the block position by position. The
software writes the resulting values in the column Walking at positions following FP. The
procedure stops when FBe reaches the last protein codified by the chromosome. All values
generated this way are written in a new table that contains all columns from canonical
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from canonical table plus the new generated columns. This table is named CHR + chromosome number (two digits) canonical_WALKING.xls; for example, CHR01_canonitable
plus the new generated columns. This table is named CHR + chromosome number
cal_WALKING.xls.
(two digits) canonical_WALKING.xls; for example, CHR01_canonical_WALKING.xls.
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peaks identified by our surfing analysis. Dyslexia is caused by multiple genetic and enby our surfing analysis. Dyslexia is caused by multiple genetic and environmental risk
vironmental risk factors [12,13]. Based on the literature, we identified the following gene
factors [12,13]. Based on the literature, we identified the following gene markers for dysmarkers for dyslexia: CYP19A1, DCDC2, DYX1C1, CFAP36, S100B, MRPL19, GCFC2,
lexia: CYP19A1, DCDC2, DYX1C1, CFAP36, S100B, MRPL19, GCFC2, FOXP2, ZNF280D,
FOXP2, ZNF280D, SLITRK2. For each gene/locus we annotated the cytogenetic posiSLITRK2. For each gene/locus we annotated the cytogenetic position in order to identify
tion in order to identify them on chromosomes. The cytogenetic position was then conthem on chromosomes. The cytogenetic position was then converted to the molecular poverted to the molecular position using data from the University of California Santa Cruz
sition using data from the University of California Santa Cruz (https://ge(https://genome.ucsc.edu/index.html) (accessed on 16 February 2021), freely available
nome.ucsc.edu/index.html) (accessed on 16 February 2021), freely available online at
online at http://hgdownload.cse.ucsc.edu/goldenPath/hg38/database/ (accessed on 16
http://hgdownload.cse.ucsc.edu/goldenPath/hg38/database/ (accessed on 16 February
February 2021) for (GRCh38/hg38). We used the cytogenetic location, (column Cyto in
2021) for (GRCh38/hg38). We used the cytogenetic location, (column Cyto in Table 2) to
Table 2) to identify the molecular position on Chromosome 15, using the transcoding
file cytoBand.txt.
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We found that only the medians calculated for E were significantly different. Because
the median of chromosome 15 was lower than the markers, we assumed that many proteins
in that chromosome had a content of glutamate lower than the markers, and we wanted
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the median of chromosome 15 was lower than the markers, we assumed that many proteins in that chromosome had a content of glutamate lower than the markers, and we
wanted to verify where they are located. In other words, only for E could we expect variability among proteins throughout the chromosome. On the other hand, the medians for
Q were similar, therefore, the majority of proteins in chromosome 15 would have values
7 of 11
similar to the markers.
For these reasons, we used E values for chromosome walking, with the threshold
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4. Discussion
Interestingly, the Locus DYX1 (genetic position 44,800,000–59,100,000) and the markers
This work
stemmed
from
thefall
necessity
of working
on a sequential
list of proteins,
of dyslexia
codified
by the
locus
in the third
peak found
by chromosome
walking.
ordered
as thevalidates
codifyingthe
genes,
together
with their
composition,
in all
studies
This
finding
utility
of scanning
the amino
contentacid
of AA
in proteins
following
their translation order throughout the chromosomes. Moreover, the presence of peaks
in some not yet explored regions of chromosome 15 suggests further investigation about
dyslexia markers.
4. Discussion
This work stemmed from the necessity of working on a sequential list of proteins,
ordered as the codifying genes, together with their amino acid composition, in all studies
striving for finding similarities among proteins produced by neighboring genes. To the
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best of our knowledge, at the moment, no database was able to provide such an ordered
list, therefore, we created a procedure matching the information supplied by UniProt
Knowledgebase and by Ensembl databases.
The aim of this work was to describe a novel procedure of data mining and validate
its output. Given the complexity of the novel multi-step procedure, we verified that the
loss of proteins extracted from the UniProt database was very limited. Confident of its
validation and reproducibility, with this study, we propose a new useful method by which
the human proteins are ordered following the mapping of the corresponding genes on the
chromosome. Data, method, and procedure were described and made available under the
FAIR data principles in order to enhance reusability [22].
FAIR data from Uniprot [23] were combined with Ensembl FAIR data [24] in order to
obtain the new datasets used in this study, which were uploaded and univocally identified
on Zenodo, the open globally scoped repository (https://about.zenodo.org/principles/
(accessed on 16 February 2021)) under FAIR principle [22]. We described metadata identifying the digital object and the process used to integrate data. However, the data and
the procedure described in this work were only a starting point for further development.
In fact, our effort was focused on automating this multi-step procedure and to deposit a
user-friendly open tool, which is available to the whole scientific community under FAIR
Principle at https://gplab.diff.org/home (accessed on 16 February 2021). In the section
“Chromosomes”, the procedure described in Methods has been implemented in order
to create datasets always updated to the latest release, and easy to retrieve; indeed, the
tool has been specially designed for researchers with a little bioinformatics training and
with the necessity of downloading protein information from a list of proteins ordered by
their gene position. A future development of the tool could include linking proteins to
other useful databases such as the KEEG PATHWAY and Reactome Pathway database. We
believe that this tool can retrieve precious information not delivered by databases, thus
representing a step forward in the utilization of science data.
In this work, to demonstrate the utility of the procedure, we applied it to investigate a
biological issue. In our previous study, we demonstrated that the amino acid composition
of proteins reflects the availability of amino acid imposed by the cellular context [8] and, we
showed that when the tissue has a local utilization of AA, the ratio Glu/Gln is proportional
to oxygenation. In fact, because glutamate decreases in hypoxia due to interconversion to
glutamine, we concluded that the oxygenated environment would advantage the biosynthesis of proteins enriched in glutamate, while the hypoxic condition would increase the
availability of glutamine and thus favor the translation of glutamine-rich proteins. Based
on these tenets and on the experimental work reporting a link between the cerebral levels
of glutamate and reading abilities, we wondered whether the proteins described as markers of dyslexia could be proteins enriched in glutamate and thus particularly dependent
on oxygenation for their expression. In particular, the investigation of several cerebral
areas has demonstrated that high values of glutamate have a positive correlation with
reading ability in 6 to 10-year-old children, while glutamine has a negative correlation with
language skills [11]. Indeed, the median value of Glu in proteins markers of dyslexia is
higher than the value calculated for all proteins codified by the human genome: 49 vs. 27
respectively, as absolute content, and 0.08 vs. 0.06, as relative frequencies (% of the total).
In our previous work, we also found some evidence suggesting that gene clustering
may represent an adaptation for responding to amino acid availability [8]. Again, we
hypothesized that dyslexia loci could be regions of chromosome codifying for proteins
enriched in glutamate, therefore, sensitive to oxygenation for their translation.
To test our hypothesis, we performed a proof of concept investigation; we used our
novel procedure to analyze the content of Glu of proteins codified by chromosome 15,
which encompasses a locus for dyslexia. We obtained a list of proteins ordered by their
translation position on the chromosome, and by chromosome walking and surfing analysis,
we were able to find the regions of the chromosome codifying for proteins most enriched
in Glu. By this analysis, we found the confirmation that the dyslexia locus DYX1 overlaps
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with a length of DNA producing proteins with more glutamate than what codified by the
neighboring genes. We concluded that the DYX1 is a gene cluster whose expression could
be limited by environmental conditions and AA availability. For example, it is reasonable
to expect that the proteins of the locus will be scarcely expressed in a hypoxic environment,
thus revealing an interesting link between hypoxia and dyslexia. Most intriguing, our
analysis discovered other three regions whose proteins are enriched in Glu; these regions
could be potential loci of dyslexia, yet to be explored. We believe that this novel method of
matching databases and analyzing AA content could be applied to many other disorders
linked to hypoxia and to many AA other than Glu.
The linkage to a region of chromosome 15 has also been demonstrated for autism
(reviewed in [25]). Interestingly, several studies assessing the levels of amino acids in the
brain and serum of patients with autism spectrum disorder (ASD) have reported increased
levels of glutamine, or the sum of glutamate and glutamine, in specific brain regions of ASD
patients, in association with lower intelligence quotient and greater impairments in social
cognition, compared to typically developing individuals [26,27]. Moreover, recent studies
have described a reduction of essential amino acid levels and sex-specific alterations in
serum amino acid concentration profiles in children with autism spectrum disorder, and an
increasing number of studies indicate that patients with ASD may have unique metabolic
patterns with a variety of amino acid metabolism dysregulations [28,29]. Based on these
observations, the analysis of chromosomes, focusing particularly on chromosome 15,
could exploit the chromosome walking approach to discover differences in the amino acid
composition of proteins codified by the reported ASD loci [30–32] and could reveal further
critical regions. Although there are many influencing factors, the base composition is
considered as the driving force in amino acid usage. In fact, the variability of the amino
acidic composition of human proteins has been found strongly correlated with the GC
content of first and second codon positions and the GC level of the corresponding flanking
regions. Therefore, it is believed that the main force shaping amino acid usage among
human proteins is the compositional constraints determined by the isochore in which each
gene is embedded [33]. This is a mechanism possibly driving amino acid usage, however,
the aim of this work was to describe regions codifying for proteins enriched in specific
amino acid, based on the information available on databases, independently from the
evolutionary mechanisms selecting the composition of such proteins. It will be interesting,
in further investigation, to use the dataset created by the proposed approach with the aim
of checking the influence of isochores on amino acid composition.
5. Conclusions
In this study, we designed a new method of data mining, able to retrieve information
about human proteins, such as amino acid composition, sorted by the position of the corresponding codifying gene. Working on the new datasets, we propose a novel approach able
to spot the regions of a chromosome producing proteins similar in amino acid content. The
chromosome walking and surfing analysis can identify clusters of genes whose translation
is dependent of AA availability, which could be relevant in many human pathologies.
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https://www.mdpi.com/article/10.3390/app11083511/s1, S1: Building a novel dataset: the ordering procedure, S2: Nomenclature.
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