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Abstract. Formal concept analysis (FCA) is a method based on lattice
theory, widely used for data visualization, data analysis and knowledge
discovery. Amino acids (AAs) are chemical molecules that constitute the
proteins. In this paper is presented a new and easy way of visualizing of
the structure and properties of AAs. In addition, we performed a new
Hydrophobic-Polar classification of AAs using FCA. For this, the 20 pro-
teinogenic AAs were clustered, classified by hydrophobicity and visual-
ized in Hasse-diagrams. Exploring and processing the dataset was done
with Elba and ToscanalJ, some FCA tools and Conceptual Information

System (CIS).

Formal concept analysis (FCA) is a method based on lattice theory and
is used for data analysis, knowledge representation, information retrieval and
knowledge discovery [12]. FCA is a semantic technology that targets a formal-
ization of concepts for human understanding [3].
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FCA offers efficient algorithms for data analysis and data detection of hidden
dependencies. It also makes it easy for the user to visualize the information.

Over the past decades, biological information has risen exponentially. The
analysis and interpretation of these data remain a challenge for researchers
[12].

The amino acids (AA) are monomers that form the proteins. From the
hundreds of amino acids found in living organisms, only 20 AAs take part in
the protein buildings. These are called proteinogenic A As.

Biological data analysis is usually quantitative and based on mathematical
statistics. A qualitative method based on Formal Concept Analysis (FCA) is
used in this document. As far as we know, FCA has not been applied for the
AAs study.

Using Elba and ToscanadJ, some known FCA tools, the 20 amino acid char-
acteristics and hydrophobicity are evaluated and analyzed. FCA uses crossta-
bles (a representation of the ”formal contexts”), where rows represent amino
acids, columns represent attributes of amino acids, and cells contain infor-
mation about attribute values (i.e., number of atoms of molecules and other
properties). The AAs are clustered into meaningful sets. The clusters, which
form a hierarchy, are visually displayed in the Hasse diagrams [3].

FCA has been used for the following:

1. the automated classification of enzymes [2]; the authors used super-
vised and unsupervised classification, obtaining a correct classification
for more than 50% percent from analyzed sequences.

2. knowledge identification, knowledge acquisition, knowledge development,
knowledge distribution and sharing, knowledge usage, and knowledge
sustainability concepts in the economic field. [17];

3. class hierarchy design in object-oriented programming (OOP) [6];

4. analysis, conception, implementation and validation of class (or object)
hierarchies and component retrieval in the field of software engineering
(SE) [7];

5. business intelligence (BI) as framework technologies that meaningfully
reduce space of OLAP cube on a hierarchy of attributes [10];

6. membership constraints, a problem of consistency to determine if a for-
mal concept exists whose object and attribute set include certain ele-
ments and exclude others; [15];

7. modeling and querying with a conceptual graph of data from RDBMS
and XML databases. [11].
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1 Formal concept analysis

Formal Concept Analysis (FCA) is a field of Applied Mathematics based on
formalizing concepts and conceptual hierarchies from a lattice-theoretical per-
spective. FCA offers algorithms for data analysis and detection of hidden de-
pendencies from sets of data and does this in a highly efficient manner. Rep-
resenting data in FCA is done in the form of formal contexts, which is the
easiest way of specifying what attributes are valid for which objects. Doing so,
it makes data visualization an easily understandable way.

Some definitions are needed to understand the FCA.

Formal context - A formal context is a triplet (X,Y,I) where X and Y are
non-empty sets, and I is a binary relation between X and Y, ie., [C X XY .

In a formal context, items x € X are called objects and items y € Y are
called attributes. (x,y) € I shows that object x has a y attribute.

Formal context is represented as a cross-table with n rows and m columns.
The corresponding formal context consists of a set X = {x1,X2, ..., Xn}, a set
Y ={y1,Y2,...,Ym}, and a binary relation I defined by: (xi,y;) € I if the table
entry corresponding to row i and column j contains ” x” (see Fig. 1).

Ilyr v vz s
71| X X X X
zo | X X X
T3 X X X
T4 X X X
Iy X

Figure 1: The cross-table corresponding to the formal context

Components of X are known as objects and refer to table rows, components
of Y are known as attributes and refer to table columns, and for x € X and
y €Y, (x,y) € I suggests that object x has an attribute y, while (x,y) ¢ [
implies that x does not have attribute y. For example, Fig. 1 displays a cross-
table (aka logical attribute table) corresponding to triplet (X,Y,I), given by
X = {x1,%2,X3, X4, X5}, Y ={y1,Y2,Y3, Y4} and I = {(x1,y1), (x1,Y2)y ..., (X2, Y1),
..., (x5,y1)}. Notice that (x1,y1) € I, whereas (x2,y2) ¢ I, etc.

In a formal context, always we have a pair of operators, called concept-
forming operators.
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Concept-forming operators - For a formal context (X,Y,I), operators
T:2X = 2Y and [: 2¥ — 2X are defined for every A C X and B C Y by

AT ={y e Y| for each x € A : (x,y) € I},

Bl ={x € X| for each y € B: (x,y) € 1.

In FCA, the notion of a formal concept is essential, they are specific clusters
in cross-tables defined through attribute sharing.

Formal concept - A formal concept in the formal context (X, Y,I) is a pair
(A,B) of A C X and B C Y such that AT =B and B! = A.

For a formal concept (A,B) in the formal context (X,Y,I), A and B are
called the extent and intent of (A, B), respectively. Formal concepts can be
described as: (A, B) is a formal concept iff A includes only objects sharing all
attributes from B and B contains only attributes shared by all objects from
A.

The formal concept as term can be seen as a mathematization of a well-
known idea that evokes Port-Royal logic. In that logic, a concept is determined
by a collection of objects (extent) that fall under the concept and a collection
of attributes (intent) covered by the concepts. In the cross-table from Fig. 1 we
can see some formal concepts. Thus, ({x1}{y1,Yz2,Y3,y4}) is a formal concept
with extent {x1} and intent {y1,yY2,Y3,ya}.

Concepts are usually ordered based on the subconcept-superconcept relation
which is based on the inclusion relation defined on objects and attributes.

The subconcept-superconcept relationship is formally defined as follows:

Subconcept-superconcept ordering - For formal concepts (Aj,B1) and
(A2, B2) of formal context (X,Y,I), put (A1,B;) < (Ay,By) iff Ay € A, and
B, C B;.

A concept lattice, another fundamental notion in FCA, is the collection of
all formal concepts of a specified formal context.

Concept lattice - Denote by 3(X, Y, I) the collection of all formal concepts
of formal context (X,Y,I), i.e.

B(X,Y,I) = {(A,B) € 2X x 2¥| AT =B,Bl = A}.

B(X,Y,I) equipped with the < subconcept-superconcept ordering is called a
(X, Y, 1) concept lattice.

B(X,Y,I) is all (potentially interesting) clusters "hidden” in (X,Y,I) infor-
mation.

According to Main theorem of concept lattices [16], (B(X,Y,I), <) is a com-
plete lattice.

Denote the extent of concepts:

Ext(X,Y,1) = {A € 2X|(A,B) € B(X,Y,]) for some B}

and intents of concepts:
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RS R U S, U
X1 x
Xa s
X3 s
Xa =
X5 =
Formal Context Concept Lattice

Figure 2: The concept lattice corresponding to the cross-table (formal context)

Int(X,Y,I) ={B € 29| (A,B) € B(X,Y,]) for some A}.

In Fig. 1 is showed the concept lattice for a formal context represented by the
cross-table. On the lattice the next formal concepts are extracted: ({x1},{y1});
({x2y x5 1 {y2}); ({x3h{y3}) and ({xa},{ys}).

Conceptual Scaling

Especially at the data collected from practical applications, the attributes no
longer have binary values, of the type yes / no. These situations are formalized
in the so-called many-valued contert, in which a particular object has a certain
attribute with a certain value.

Many-valued context - A many-valued context (G, M,W,1) consists of
sets G, M and W and a ternary relation I between G, M and W (i.e., I C
G x M x W) for which it holds that (g,m,w) € I and (g, m,v) € I always
implies w = v.

The elements of G are called objects, those of M (many-valued) attributes
and those of W attribute values. (g, m,w) € [ is read as "the attribute m has
the value w for the object g”.

The many-valued attributes can be regarded as partial maps from G in W.
Therefore, it seems reasonable to write m(g) = w instead of (g, m,w) € L.

The many-valued context is transformed into a one-valued one, trough pro-
cess called conceptual scaling that is not at all uniquely determined.

In the process of scaling, first of all each attribute of a many-valued context
is interpreted by means of a context. This context is called conceptual scale.

Conceptual scale - A conceptual scale is a scale for the attribute m of a
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<4 =1
[[[=1]=2 <3[4 [>1[>2[ =3[ 4] <3 > 2
1) x| x| x| x| % QQ ,>/3
2 X | x| x| x| x ~«<N1 ,>/4
3 XX | X | X | X 1 4
4 X | x| x| x| x

Figure 3: Interordinal scale

many-valued context. Thus, is a one-valued context Sy = (G, My, Iim) with
m(G) C Gy,. The objects of a scale are called scale values, the attributes are
called scale attributes.

The most commonly used scales also called elementary scales are nomi-
nal scales, ordinal scales, interordinal scales, biordinal scales and dichotomic
scales. An example of interordinal scale is point out in Fig. 3.

ToscanaJ Suite

There is many software for FCA and most of them support the creation
of contexts from scratch and the subsequent processing and presentation of
the corresponding concept lattices. More than that, Elba and ToscanalJ are a
set of mature FCA tools that allow us to query and navigate through data in
databases. They are meant to be a Conceptual Information System (CIS).

When implementing a CIS using methods of FCA, the data is modeled
mathematically by a many-valued context and is transformed via conceptual
scaling [5]. This means that is defined a formal context called conceptual scale
for each of the many-valued attributes which has the values of the attribute as
objects. Here, a CIS is an FCA-based system used to analyze data from one
table.

Creating the conceptual scale is realized with a CIS editor (Elba) and usually
is a highly iterative task. In the run-time stage, a CIS browser (Toscanal)
allows us to explore and analyze the real data from the database with the CIS
schema.

2 Amino acids — structure and properties

The monomers from which the proteins are created are called amino acids
(AAs). The proteins are a large family of organic macromolecular compounds.
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Only 20 AAs of the hundreds of AAs (which are found in the living organisms)
take part in the protein assembly.

Chemically, AAs are organic molecules containing two types of antagonis-
tic functional groups: carboxyl (—COOH) having an acid character; amine
(—NH;) having a base character. They also contains a side chain (R group or
AA residue) specific to each amino acid [4].

The molecular formula for AA is:

HoN——CH——COOH

R

All AAs can be classified according to different properties: hydrophobicity,
R type, etc.

Hydrophobicity is the molecule’s physical property to be repelled by water
molecules. In fact, there is no repulsive force, but only the absence of attrac-
tion. In contrast, the hydrophilic (or polar) molecules are attracted to water
molecules. Several hydrophobicity scales have been developed over time. Note
that AA’s hydrophobicity is crucial for understanding the protein folding.
(1,9, 14].

Table 1 presents the structural and functional aspects of AAs. All 20 AAs are
composed of carbon (C), hydrogen (H), nitrogen (N) and oxygen (O) atoms.
Moreover, Cysteine and Methionine contain Sulphur (S) in addition to the
other AAs. The first column shows the 3-letter name for AAs (biochemistry
nomenclature). From two to six column there are carbon, hydrogen, nitrogen,
oxygen and sulphur number of atoms, respectively. The last column returns the
hydropathy index of AA residues. [9]. Hydropathy index is a measure of relative
hydrophobicity. A higher hydropathic index value means more hydrophobic
amino acid.

In literature, there are four known hydrophobicity scales taken from [20]
(shown in Fig. 4). The most hydrophobic AA residues are at the top of the
figure. References for the scales are: (1) Kyte and Doolittle [9]; (2) Rose, et al
[13]; (3) Wolfenden, et al.[18]; and (4) Janin [8].

3 Experiments and results

FCA is suitable for binary attributes. In the real data type issue, the situation
is slightly different. In our case, each attribute is assigned integer (numbers of
atoms) or real values (hydropathic index), not binary values. A method called
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AA | C| H| N | O|S | Hydropathy index
Gly| 2| 5] 1] 210 -0.4
Ala| 3| 7| 1| 210 1.8
Val| 5 11| 1| 2|0 4.2
Leu| 6|13 1| 2|0 3.8

Ile| 613 1| 2|0 4.5
Phe| 9|11 | 1| 2|0 2.8
Pro| 5| 9| 1| 2|0 -1.6
His| 6| 9| 3| 2|0 -3.2
Trp |11 12| 2| 2|0 -0.9
Ser| 3| 7| 1] 3|0 -0.8
Thr| 4| 9| 1| 3|0 -0.7
Tyr| 9|11 ] 1| 3]0 -1.3
Cys| 3| 71 1] 211 2.5
Met| 5|11 1| 2|1 1.9
Asp| 4| 7] 1| 4]0 -3.5
Asn| 4| 8| 2| 3]0 -3.5
Glu| 5| 9| 1| 4|0 -3.5
Gn| 5|10 2| 3|0 -3.5
Lys| 6]14| 2| 2|0 -3.9
Arg | 6 14| 4| 210 -4.5

Table 1: List of proteinogenic amino acids

conceptual scaling is used for the FCA application to these data. Conceptual
scaling converts the many-valued context into a standard formal context.

An advantage of FCA is that there is no standard attributes interpretation.
The field expert chooses a suitable scale for attributes interpretation [3]. In our
approach, for another ways of visualization of properties and classification of
AAs, we used data relating to the molecular structure of the 20 AA, i.e. atoms
number of the molecule. For data representation we used Elba and ToscanaJ
tools.

Visualization 1. For transformation from many-valued context to one-
valued context interordinal scale is used. In Figs. 5-8 can be visualized a
clustering of AAs by the number of atoms from molecules.

In Fig. 5 we can see that have been retrieved 7 formal concepts. Thus, 5%
from those 20 AAs (meaning 1 AA) have 11 carbon atoms, 10% (meaning 2
AAs) contains 9 carbon atoms (> 2 and < 10), and so forth.
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Kyteand | Rose,etal | Wolfenden | lanin
Doolitthe ,etal (1979)

(1) (2) (2) 4)
lle Cys Glyleylle | Cys
Val Val,ala lle

Phe,lle Val
Leu Val Phe Ley,Phe
Leu,Met, Trp | Cys Met
Phe Met Ala,Gly, Trp
Oys
Met,Ala His Thr,Ser
Tyr Trp, Tyr His,5er
Gly Ala Thr
Thr,5er Gly Pro
Trp, Tyr Thr Tyr
Pro Asn
Asplys,Gln | Asp
His ser Gly His Gln,Gluy
Asn,Gln Pro,Arg Asp
Asp,Glu Asn
Lys Gln,Asp,Glu
Arg
Arg Lys Arg Lys

Figure 4: A comparison of four distinct scales for the hydrophobicity

In Fig. 7 notice 3 formal concepts: 65% monocarboxylic AAs (2 oxygen
atoms), 10% AAs with 4 oxygen atoms, and 25% AAs have 3 oxygen atoms.
Similar information can also be extracted from Figs. 6 and 8. This is a faster

way to visualize complex information than in the tables.
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Figure 5: Diagram for number of Carbon atoms

Visualization 2. Subsequent, we used two attributes: the number of carbon
atoms and the number of oxygen atoms from AA molecules and created a new
scale based on these. The scaling was done as follows. AAs that have more
than 3 atoms of the oxygen we called AA Dicarboxylic. The according to the
number of carbon atoms distinguish: 1). AAs Low - AAs with less than 4
carbon atoms; 2). AAs High - AAs with more than 5 carbon atoms; and 3).
AAs Medium - the others;

In Fig. 9 the concept lattice shows number of AAs belong to the above-
mentioned levels. For instance, we can read from the lattice that there are two
AA Dicarboxylic, and these belong AA Medium group. This is one of the main
distinguishing characteristics of using concept lattices to visualize information.

Visualization 3. A strong method of FCA is to "mix” many lattices to-
gether to provide a combined perspective of several lattices, called a nested
line diagram. Fig. 10 displays a mix of diagrams from Fig. 11 and Fig. 9.

Hydrophobic-Polar Classification In addition, for classification, we have
used data relating to the hydropathy index (hi). AAs classification in hy-
drophobic (H) and polar (P) is important for some protein folding models.
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Figure 6: Diagram for number of Nitrogen atoms

Unfortunately, there is no single classification. For example, we have the ones
four scale from Fig. 4.

Clustering algorithms most frequently used are: hierarchical, k-means, self-
organizing maps, fuzzy k-means [12]. An alternative approach to grouping
AAs can be FCA. The lattice concepts of AAs are assumed to show new or
old biological relationships.

Relating to hydropathy index (hi) we have defined four hydrophobicity levels
of AAs: i) if hi < —3: Polar with electrically charged propensity; ii) if hi <
—1.5: Polar; iii) if hi < 0: Uncertain; iv) if hi < 4.5: Hydrophobic. Fig. 11
shows the concept lattice of this scale.

Our classification are presented in Table 2, column 4, compared to the clas-
sification taken from [4], page 26 (column 2) and Rosalind [19] (column 3).

Our classification:

Hydrophobic AAs: Ala, Val, Leu, Ile, Phe, Cys, Met.

Polar AAs: Pro, Asp, Glu, Arg, Lys, His, Asn, Gln.

The other five AAs (Gly, Trp, Ser, Thr and Tyr) it remains to be classified
according to other criteria.
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Figure 7: Diagram for number of Oxygen atoms

It can be notice that the classes of AAs identified by applyed FCA, taking
into account that hydropathy index are similar to those in the classification
taken from Dinu and Rosalind respectively.

Of those seven ”Hydrophobic” AAs found, six are found in the same class
and in the other two classifications. The seventh AA, Cysteine (Cys), is con-
sidered ” Polar neutral” AA in Dinu, and in Rosalind it is considered a special
case.

Through FCA, we find a single ”Polar neutral” AA: Proline (Pro). In Ros-
alind, this AA is classified in special cases and is considered a hydrophobic
AA by Dinu.

In the ”Polar charged” class were found the five AAs from the Dinu and
Rosalind classifications. Additionally, by our method, we found two new AAs
in this class: Asn and Gln. Both AAs are classified as ”Polar neutral” AAs in
both Dinu and Rosalind.

In contrast, in our classification, there are 5 AAs difficult to classify, which
we called ”Uncertain AAs”. The characteristic of the classification using FCA
is that it is sensitive to defining hydrophobicity levels.
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Figure 8: Diagram for number of Sulphur atoms

‘

AA Dicrbox lic

Figure 9: Diagram of the scale based on number of carbon and oxygen atoms
from AAs
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Figure 10: Nested diagram

[PropencityOfEllectricallyChargedPolar| Hidrophobic

Figure 11: Hydrophobicity scale

Finally, it is difficult to say whether this method adds to the other types of
classifications because the hydrophobicity depends on the physical and chem-
ical conditions in which the measurement was taken.
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4 Conclusion

In the presented paper, we relied on lattice theory commonly used to analyze
and visualize data with formal concept analysis (FCA).

The purpose of this work was to realize a new Hydrophobic-Polar classi-
fication and to visualize structure information of AAs in perspective of the
Hasse diagrams. Elba and ToscanadJ tools were used to process and explore
the dataset.

We defined the hydrophobicity index based on the Kyte and Doolittle scale.
In the future, AAs can be classified considering others three known scales of
hydrophobicity: Rose, Wolfenden and Janin.
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