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Abstract

With the development of high-throughput sequencing technology, the genomic sequences increased exponentially over the
last decade. In order to decode these new genomic data, machine learning methods were introduced for genome annotation
and analysis. Due to the requirement of most machines learning methods, the biological sequences must be represented as
fixed-length digital vectors. In this representation procedure, the physicochemical properties of k-tuple nucleotides are
important information. However, the values of the physicochemical properties of k-tuple nucleotides are scattered in
different resources. To facilitate the studies on genomic sequences, we developed the first comprehensive database, namely
KNIndex (https://knindex.pufengdu.org), for depositing and visualizing physicochemical properties of k-tuple nucleotides.
Currently, the KNIndex database contains 182 properties including one for mononucleotide (DNA), 169 for dinucleotide (147
for DNA and 22 for RNA) and 12 for trinucleotide (DNA). KNIndex database also provides a user-friendly web-based interface
for the users to browse, query, visualize and download the physicochemical properties of k-tuple nucleotides. With the
built-in conversion and visualization functions, users are allowed to display DNA/RNA sequences as curves of multiple
physicochemical properties. We wish that the KNIndex will facilitate the related studies in computational biology.
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Introduction
With the development and popularization of sequencing tech-
nology, the genomic sequences dramatically increased over the
past 10 years. In order to decode these new genomic data, a large
amount of machine learning based bioinformatics tools has been
proposed for genome annotation and analysis. As illustrated in
several literatures [1–5], when the machine learning methods are
applied in the computational biology, the biological sequence
must be firstly represented by fixed-length digital vectors or
other forms of discrete representations rather than the sequence
itself. Traditional methods to encode genomic sequences were
based on k-tuple nucleotide frequency. Although it can include
the long-range sequence order information to some extent, the
k-tuple nucleotide frequency based method could not reflect
the hidden physicochemical patterns buried in the genomic
sequences.

In some cases, the physicochemical property is more
effective than k-tuple nucleotide for describing the genomic
sequences, which can extract the hidden information in the
genome. For example, by plotting the six local DNA structural
properties (i.e. twist, tilt, roll, shift, slide and rise), Goñi et al. [6]
obtained the distinctive structural property profiles surrounding
the promoters and then proposed a computational method
for identifying promoters based on DNA structural properties.
The effectiveness of physicochemical properties of k-tuple
nucleotide was also demonstrated in analyzing indels [7, 8],
replication origins [9], promoters [10, 11], DNA local structures
[12–14], and some other functional elements [15–18].

Accordingly, several bioinformatics tools, namely DiProDB
[19], PseKNC-General [2], Pse-in-One [3], UltraPse [4] and Vis-
Feature [20], have been proposed to describe and visualize the
genomic sequences by using the physicochemical properties
of k-tuple nucleotide. Benefitting from these tools, a series of
computational methods have been developed for annotating the
genomic sequences, such as predicting nucleosome positioning
sequences [21], identifying RNA modification sites [22–24], iden-
tifying promoters [10, 25], predicting bacterial transcriptional
terminators [26], etc. Although significant achievements have
been made in decoding genomic sequences by using the physic-
ochemical properties of k-tuple nucleotide, there are still some
problems that need to be solved.

At present, to the best of our knowledge, 182 kinds of physico-
chemical properties for mononucleotide, dinucleotide and trinu-
cleotide have been reported. The only existing database deposit-
ing these physicochemical properties is the DiProDB database.
However, DiProDB only includes part of these reported physico-
chemical properties. Most of these physicochemical properties
were scattered in different resources. Therefore, it is neces-
sary to build a database for depositing these reported physic-
ochemical properties. The intuitive visualization of genomic
sequences by using physicochemical properties will be helpful
for researchers to develop a new method for genome annota-
tion. Thus, a human-readable, comprehensive and searchable
collection of the physicochemical property of k-tuple nucleotide
is demanded.

To this end, we constructed the KNIndex database with
web-based user-friendly interfaces, which is available at
https://knindex.pufengdu.org. Currently, the KNIndex database
deposits the 182 reported physicochemical properties, one of
which is for mononucleotide (DNA), 169 for dinucleotide (147
for DNA and 22 for RNA) and 12 for trinucleotide (DNA). The
values for each physicochemical property is provided in two
different forms, its original values and the standardized values.

These physicochemical properties together with their values
can be freely downloaded from the well-designed web interface.
Additionally, we provide a query interface for users to search
the physicochemical properties by their names. In the KNIndex
database, it is easy to query, browse, visualize and download
the physicochemical properties of k-tuple nucleotides. The
KNIndex database also integrates a function that allows the
users to convert DNA/RNA sequences into a series of numerical
physicochemical property values. We believe that KNIndex
will facilitate a wide range of related studies in computational
biology.

Materials and methods
Data curation

We collected the physicochemical property of k-tuple nucleotide
from two major sources: existing physicochemical property
databases and published scientific literatures. Before collect-
ing these data, we first determined the value k of k-tuple
nucleotides. Based on the physicochemical properties available
so far, we set k values to 1, 2 and 3, which corresponds to
mononucleotide, dinucleotide and trinucleotide, respectively.
For mononucleotides, according to the data we have collected,
there is merely one kind of physicochemical property, called
electron-ion interaction pseudopotential (EIIP) [27]. For dinu-
cleotides and trinucleotides, after collecting the values from
PseKNC [1], PseKNC-General [2], Pse-in-One [3], UltraPse [4],
VisFeature [20] and DiProDB [19], we manually cross-validated
the property values from different sources and integrated
them together. All physicochemical properties are provided
in two different forms, the original and standardized forms.
The standardized values are computed from the original values
according to the following method.

Considering one kind of physicochemical property of the k-
tuple nucleotide, the corresponding physicochemical property
set H for the 4k different k-tuple nucleotides is as following:

H =
{
hi|i = 1, 2, · · · , 4k

}
, (1)

where hi is the original value of the physicochemical property
for the i-th k-tuple nucleotide.

The standardized physicochemical property value of the i-
th type of k-tuple nucleotide is θ i, which can be calculated as
follows:

θi = hi − m(H)
σ (H)

, (2)

where

m(H) = 1
4k

4k∑
i=1

hi, and (3)

σ (H) =
√√√√ 1

4k

4k∑
i=1

[hi − m(H)]2. (4)

m(H) is the average value of the physicochemical properties for
the 4k different k-tuple nucleotides and σ (H) is the standard
deviation.

In addition, the original references for every physicochemical
property were also obtained from PubMed or Google Scholar. All
values in the KNIndex database are manually rechecked one-by-
one against the original literature contents. Finally, 182 physico-
chemical properties and 47 original references were collected.
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Physicochemical properties for k-tuple nucleotides 3

Figure 1. Overview of the architecture of KNIndex.

Database and web interface design

We deposited all physicochemical property values, as well as
the corresponding literatures, into a MySQL database. The
web interface system of KNIndex is completely implemented
by using JavaScript, on both the frontend and backend. We
implemented the backend system using JavaScript with node.js
script engine and the Express framework. The frontend was
implemented using JavaScript with the Vue framework. A user-
friendly web-based interface was provided with modern web
dynamical effects. We designed six primary functional pages:
the ‘Browse’ page for convenient data browsing, the ‘Search’
page for quick searching and data retrieving, the ‘Visualization’
and ‘Convert’ pages for visualizing and converting DNA/RNA
sequences into numerical physicochemical property values, the
‘Download’ page for downloading all values, and the ‘Help’ page
for guiding users to use the web server. The architecture of
KNIndex is illustrated in Figure 1.

Data table design

We designed 10 data tables in the MySQL database to store
different types of physiochemical property values, as well as the
corresponding literature information. Due to the requirement
of efficient database query and data retrieving, we separate
physicochemical properties of different k values into different
tables. For each physicochemical property record, it contains the
following fields: ID, property name, and cross-reference IDs. For
different values of k, the number of value fields is different.
Table 1 gives a comprehensive list of the table schema for dif-
ferent types of k-tuple nucleotides. Additionally, tables for two
different property value forms (e.g. the original values and the
standardized values) of the same physicochemical property have
the same schema.

Implementation of DNA/RNA sequence conversion

The physicochemical properties of k-tuple nucleotides are pri-
marily used to generate numerical representations of biological

sequences. The basic usage of the property values of k-tuple
nucleotides is to convert DNA/RNA sequences into a series of
numerical physicochemical property values. We implemented
this function by integrating an in-house version of the VisFeature
program in the backend of our web service. Users should enter
DNA/RNA sequences in the textbox or upload a FASTA format
file containing multiple DNA/RNA sequences. The backend of
our server will divide the DNA/RNA sequences into basic k-mers
according to the parameter k. These k-mers will be replaced with
the corresponding k-tuple nucleotide physicochemical property
values according to the users’ choices.

In order to help the users to gain a better understanding
of the DNA/RNA sequence conversion module, we take a short
DNA sequence ‘AATCGAATCGGCTAGTCCAATAGTACGTAG’ as an
example. The conversion workflow is illustrated in Figure 2. The
sequence was first divided into a serial of 2-mers, i.e. AA, AT,
TC, . . . , AG. When the six physicochemical properties, including
‘Twist,’ ‘Tilt,’ ‘Roll,’ ‘Shift,’ ‘Slide’ and ‘Rise’ were selected, the
conversion process would replace the 2-mers with each of the
six corresponding values to generate six series of numbers. The
original values of these six properties for 2-tuple nucleotides
are given in Table 2. The final conversion results are recorded
in Figure 2.

Results
Web server utilities

Browse

This module allows the users to conveniently browse all the
manually curated data. We catalogued the physicochemical
properties according to different k values (k = 1, 2, 3), and
different literatures, respectively. The users can browse the
database to grasp the basic information on these properties
easily. To increase the readability of the ‘Browse’ page, a
sidebar for the navigation purpose was added. It provides the
contents hierarchically as in Figure 1. Due to the amount of data
transferring from the backend to the frontend, it would takes
3–5 s to be completely loaded.
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Table 1. Basic data schemas of the tables for mononucleotide (DNA), dinucleotide (DNA and RNA) and trinucleotide (DNA)

k-mer types Common fields Specific fields

Mononucleotide ID, PropertyName, ReferID, PubMedID A, C, T, G,
Dinucleotide(DNA) AA, AC, AT, AG, CA, CC, CT, CG, TA, TC, TT, TG,

GA, GC, GT, GG
Dinucleotide(RNA) AA, AC, AU, AG, CA, CC, CU, CG, UA, UC, UU,

UG, GA, GC, GU, GG
Trinucleotide AAA, AAC, AAT, AAG, ACA, ACC, ACT, ACG,

ATA, ATC, ATT, ATG, AGA, AGC, AGT, AGG, CAA,
CAC, CAT, CAG, CCA, CCC, CCT, CCG, CTA, CTC,
CTT, CTG, CGA, CGC, CGT, CGG, TAA, TAC, TAT,
TAG, TCA, TCC, TCT, TCG, TTA, TTC, TTT, TTG,
TGA, TGC, TGT, TGG, GAA, GAC, GAT, GAG,
GCA, GCC, GCT, GCG, GTA, GTC, GTT, GTG,
GGA, GGC, GGT, GGG

Figure 2. Workflow of the conversion method. The schematic shows a concrete example of the conversion process, taking six physicochemical properties, including

‘Twist,’ ‘Tilt,’ ‘Roll,’ ‘Shift,’ ‘Slide’ and ‘Rise’ into consideration. The DNA sequence was first divided into a serial of 2-mers, like AA, AT, TC, . . . , AG, which are intermediate

results of the conversion process. The conversion process would replace the 2-mer with each of the six corresponding property values to generate six numerical

sequences when six properties were chosen.

Search

A searchable collection of physicochemical property values
is demanded despite that a powerful browsing function has
been developed. We developed a smart search interface for
conveniently retrieving the physicochemical properties of k-
tuple nucleotides. On the ‘Search’ page, the query box supports
not only searching by the property name but also wildcards

queries using ‘∗’ and ‘%.’ Furthermore, the query box has auto-
complete abilities. A dropdown menu will be displayed when
the content of the box matches the first few letters of a property
name (Figure 3A). Consider searching for physicochemical
properties that contain ‘twist’ using ‘tw∗t’ when ‘original-di-
DNA’ is chosen as the type of nucleotides. The search results
are presented as tables on the web, with links to the original
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Physicochemical properties for k-tuple nucleotides 5

Table 2. Original values of six physiochemical properties in the example

2-mer Twist Tilt Roll Shift Slide Rise

AA/TT 0.026 0.038 0.020 1.69 2.26 7.65
AC/GT 0.036 0.038 0.023 1.32 3.03 8.93
AG/CT 0.031 0.037 0.019 1.46 2.03 7.08
AT 0.033 0.036 0.022 1.03 3.83 9.07
CA/TG 0.016 0.025 0.017 1.07 1.78 6.38
CC/GG 0.026 0.042 0.019 1.43 1.65 8.04
CG 0.014 0.026 0.016 1.08 2.00 6.23
GA/TC 0.025 0.038 0.020 1.32 1.93 8.56
GC 0.025 0.036 0.026 1.20 2.61 9.53
TA 0.017 0.018 0.016 0.72 1.20 6.23

Figure 3. ‘Search’ page and function illustration in KNIndex. (A) The query box has auto-complete abilities. A dropdown menu will be displayed when the content of

the box matches the first few letters of a property name. (B) The query box supports fuzzy searches using ‘∗’ and ‘%.’ Taking ‘twist’ as an example, use ‘tw∗t’ for fuzzy

search when ‘original-di-DNA’ is selected as the type of nucleotides. The search results are presented as tables, with links to the original references. The results can

be exported as tabular files by clicking on the ‘Export’ button.

references. The results can be exported as tabular files by
clicking on the ‘Export’ button (Figure 3B). In addition, when
the nucleotide type is not chosen, and the property name is
not entered, all properties will be displayed if users click on the
search button.

Visualization and convert

For convenience, the ‘Visualization’ and ‘Convert’ pages were
implemented in the KNIndex as well. On the ‘Visualization’ page,
the genomic sequences in FASTA format could be converted into

a series of property values according to the selected param-
eters and physicochemical properties. The series of property
values can be visualized as multiple curves and saved as images.
For a large number of sequences, the users can upload these
sequences through a FASTA format file on the ‘Convert’ page.
The conversion process may take some time to process, which
depends on the size of the uploaded file. We, therefore, provide
the users with a link to download the results after a while. The
results are provided as comma-separated vector files. Each row
in the file represents the numerical values of a sequence in one
type of physicochemical property. The id of the sequence, name

D
ow

nloaded from
 https://academ

ic.oup.com
/bib/advance-article/doi/10.1093/bib/bbaa284/5956158 by U

niversity of N
ew

 England user on 06 N
ovem

ber 2020
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Figure 4. Parameters selection process on the ‘Visualization’ and ‘Convert’ pages. After selecting the first three parameters, including ‘K-mer,’ ‘Sequence type’ and

‘Value type,’ corresponding physicochemical properties will be displayed in tables for users to choose. Due to the limited computational resources, users should set the

maximum number of selectable physicochemical properties, which is 5 by default.

Figure 5. Case study of visualization. We took the same example in Figure 2 to illustrate a case of visualization. First, the user should select the first three parameters,

including dinucleotide, DNA and original. The corresponding physicochemical properties will be displayed for the user to choose. The user can alter the maximum

number of selectable physicochemical properties to 10 before selecting the actual properties. After clicking the ‘Visualize’ button, multiple curves can be displayed as

the visualization of results.

and type of the physicochemical properties are marked at the
end of the line, with a ‘#’ to separate them from the values.
These two utilities have the same parameter selection process
(Figure 4).

Download and help

The raw data of the entire KNIndex database can be freely
downloaded for academic purposes. On the ‘Download’ page,
users can download the data table in the KNIndex database as
tabular files by clicking on the corresponding file name. A file
named ‘all.zip’ can also be downloaded to save all tables in one
click.

To make the web server more convenient to use, we designed
a help page. The ‘Help’ page provides three parts. The ‘Tutorial’
part gives step-by-step instructions on how to use the KNIndex
database. The ‘Statistics’ part lists the basic counts of different
types of physicochemical properties. The ‘Contact’ part provides
details on how to contact authors of the database.

Simple visualization case study

We take the same example in Figure 2 to demonstrate the opera-
tion on our website in a step-by-step way (Figure 5). After select-
ing the first three kinds of parameters (dinucleotide, DNA and
original), all corresponding properties will be displayed for the
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Physicochemical properties for k-tuple nucleotides 7

Figure 6. The average property for RNA splicing sites based on ‘Twist’ and ‘Slide.’ (A) The average property curve of all the splicing acceptor sites. (B) The average

property of all the splicing donor sites.

user to choose. By altering the maximum number of selectable
physicochemical properties to 10, the user can choose up to 10
kinds of properties. By clicking the visualization button, multiple
curves will be displayed on a new page. The visualization can
appear in either curves or bars. The raw data that generates
curves or bars can also be displayed in the data view. The
visualization result can be downloaded as an image.

Application case study

To demonstrate the effectiveness of our KNIndex database and
its built-in functions, we analyzed RNA splicing sites by using
the KNIndex database. The sequences including splicing accep-
tor and donor sites were obtained from previous work [28].
In this case, we plotted the profiles of ‘Twist’ and ‘Slide’ sur-
rounding splicing acceptor and donor sites. Different trends
were observed for splicing sites and the surrounding sequences

(Figure 6A and B). The curves obtained from KNIndex indicated
that the Twist property has two peaks surrounding a deep valley
for the acceptor sites. The Slide property pattern of the acceptor
sites and the donor sites are just the opposite. The Slide curve
shows a first up and then down pattern for the acceptor sites,
while the pattern for the donor sites is first down and then up.
These hidden patterns might be the signal for splicing factors to
accurately recognize splicing sites and will be helpful for com-
putationally identifying RNA splicing sites. These observations
consist of the reports in the literature [28], which demonstrate
the usefulness and the convenience of the KNIndex database in
practical studies.

Self-host availability

For the users who want to host KNIndex themselves for in-house
academic purpose, we provide all source codes of KNIndex,
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which can be obtained from the GitHub repository (https://gi
thub.com/wyzhang0401/KNIndex). Users can establish their own
mirror sites of KNIndex on their own servers to utilize their
own computational powers. A step-by-step instruction has been
provided in the GitHub repository.

Conclusion
To the best of our knowledge, KNIndex (https://knindex.pufe
ngdu.org) is the first database focusing on collecting the physic-
ochemical properties of k-tuple nucleotides, including mononu-
cleotides, dinucleotides and trinucleotides. We provide the most
comprehensive collection of the physicochemical property val-
ues of k-tuple nucleotides and a user-friendly web-based inter-
face for researchers to obtain all values. With the development of
the high-throughput sequencing technology, KNIndex database
will greatly promote a wide range of studies that are focusing
on the genomic sequences. There will be more physicochemical
properties and more built-in functions in the KNIndex database
in the future. It is anticipated that our database will be a useful
resource and a basic utility in decoding functional information
in genomic sequences.

Key Points
• The first comprehensive database, KNIndex, for

k-tuple nucleotide (mononucleotide, dinucleotide
and trinucleotide) physicochemical properties was
developed.

• KNIndex curates 182 physicochemical properties
including one for mononucleotide (DNA), 169 for din-
ucleotide (147 for DNA and 22 for RNA) and 12 for
trinucleotide (DNA).

• KNIndex provides a function to convert a DNA/RNA
sequence into series of property values and visualize
the sequence as multiple curves. It also integrates
a tool for converting DNA/RNA sequence datasets
into series of numerical values of physicochemical
properties.

• A user-friendly web-based interface is provided, from
which users can browse, search, visualize and down-
load the physicochemical properties of mononu-
cleotides, dinucleotides and trinucleotides.
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